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Abstract 
A trend in environmental modelling and policy making has been to move towards the 
use of integrated assessment methodologies as a means of balancing what are most 
usually multi-issue problems with multiple stakeholders. These methodologies are 
particularly relevant for the management of water resources given the interdisciplinary 
nature of water problems. This thesis presents a Biophysical Toolbox that integrates 
models for assessment of the outcomes of biophysical scenarios of water and land use 
options. Outcomes are measured in terms of environmental indicators that are outputs of 
the models. 
The Biophysical Toolbox is comprised of three modules - the CATCHCROP crop 
model, a hydrologic module based on the IHACRES rainfall-runoff model, and a 
modified Universal Soil Loss Equation (USLE) approach. The models were designed to 
have the following features: basic data requirements with which to drive the models; 
relatively low parameterisation requirements thus limiting problems with error 
accumulation; physically plausible, and easily transferred to other catchments. The aim 
with integrated models of this type is to be able to discriminate between, and be 
confident about, the relative changes in indicator outputs. 
The CATCHCROP crop model was applied to subcatchments of Mae Chaem in northern 
Thailand to identify: the impact of land management options (irrigation, fertilisation and 
bunding status) on model outputs; and the sensitivities of deep drainage, surface runoff, 
and crop yield estimates to the values of CATCHCROP model parameters. Model 
behaviour was shown to be plausible when the land management of the crop was varied. 
Results of a sensitivity analysis demonstrated the considerable non-linearity in the 
response of CATCHCROP outputs to parameter values, and identified which 
parameters most influenced the behaviour of the model. Two parameters were found to 
be substantially insensitive. 
Estimates of potential erosion were sensitive to the choice of equations describing the 
topographic and rainfall erosivity factors of the USLE. Despite this, the choice of 
equations should not affect the utility of the Biophysical Toolbox where direction and 
XVlll 
relative values of indicators between scenanos are important. Similar values of the 
erosion susceptibility term the USLE were obtained for each land unit whether the 
procedure was applied on each land unit or on a more detailed grid-basis. 
Testing of the hydrologic model involved analysing: the performance of the 
regionalisation methodology in predicting discharge; changes in hydrologic response 
under forest cover changes; and sensitivities in the model outputs to changes in values 
of CATCHCROP model parameters. The regionalisation procedure generally over-
estimated annual discharge although is capable of capturing relative changes. As forest 
cover decreases, the proportion of streamflow in the quick flow component increased, 
annual and wet season discharge increased, and dry season discharge decreased. The 
relative quick and slow flow volume components were strongly sensitive to changes in 
forest cover. Six main parameters within the CATCHCROP model were identified as 
greatly impacting the calculation of quick and slow flow components. 
The Biophysical Toolbox was then used to examine deforestation, climate, and land 
management scenarios for the Mae Uam subcatchment of the Mae Chaem catchment, 
highlighting tradeoffs among indicators and raising questions about perceived impacts. 
The main results of the scenarios can be summarised as: deforestation scenarios do not 
greatly impact streamflow although increases in potential erosion are extreme; upland 
rice and vegetable crops are particularly susceptible to 'unacceptable' rates of erosion 
on steeply sloping lands; wet season crop yields are more dependant on plot fertility 
than on irrigation or bunding status. Sensitivity analysis of the whole toolbox was also 
performed. Despite potentially large impacts of CATCHCROP parameter changes on 
the re-calculation of the hydrology parameters, this did not translate into large 
differences in total seasonal discharge. 
Comprehensive testing of the Biophysical Toolbox illustrated the potential, and the 
plausible behaviour, of the toolbox for exploring aspects of land and water resource 
management in catchments in northern Thailand. Most useful to improve confidence in 
model performance would be further testing of the hydrologic module in instrumented 
catchments that have undergone significant forest cover changes over the period of 
hydrologic record. 
Section 1 
Integrated Water Resources Assessment and 
Management in Northern Thailand 
Above: Regeneration on an abandoned upland field in the Mae Pan 
subcatchment of the Mae Chaem Catchment 
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1 Introduction 
The objective of this thesis is primarily to develop and evaluate a biophysical modelling 
approach to assess options for water resource and associated land use management. The 
setting is the Mae Chaem catchment of approximately 4000 km2 in the northern 
highlands of Thailand. It is representative of large areas of Southeast Asia, where intense 
competition for land and water use requires management options that maintain socio-
economic opportunities yet minimise environmental problems such as erosion, low dry 
season flows, and water pollution. The work is a major contribution to the Integrated 
Water Resources Assessment and Management (IWRAM) project (Jakeman et al., 1997; 
Letcher et al., 2002). The IWRAM project is aimed at developing analytical procedures 
to allow concerned parties to develop options for the sustainable development of the 
Ping River Basin in northern Thailand. It has, as a major output, a software-based 
Decision Support System (DSS). Three main aspects of the biophysical component of 
the DSS were considered for the thesis - erosion modelling, crop modelling and the 
development of a methodology for the prediction of hydrologic responses to land cover 
changes in ungauged catchments. As part of this thesis, these modelling approaches have 
been integrated into a Biophysical Toolbox and evaluated for their usefulness as an 
overall tool for assessing resource management issues. 
Section 1.1 provides a brief background to the IWRAM project and the contribution of 
this thesis to the project. Section 1.2 discusses issues relating to construction of 
modelling tools for integrated assessment of water resources, focusing on biophysical 
tools. A brief discussion of the application of Decision Support Systems for land and 
water resources management, and the use of indicator sets for distinguishing between 
scenarios is provided. Section 1.3 provides an overview of the remaining thesis chapters. 
1.1 The Integrated Water Resources Assessment and 
Management (IWRAM) Project 
The Integrated Water Resources Assessment and Management (IWRAM) project has 
been a collaboration between the Royal Project Foundation of Thailand, the Land 
Development Department, the Office for Highland Development, the Australian National 
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University, the Royal Forestry Department and departments from Chiang Mai, Maijo, 
and Kasetstart Universities. The Integrated Water Resource Assessment and 
Management (IWRAM) project was established to develop a Decision Support System 
for exploring options in water resources management. The DSS was developed to 
distinguish between different management scenarios and to allow for the exploration of 
trade-offs amongst them. A major challenge of the IWRAM project was to develop a 
modelling framework that includes the relevant biophysical, economic and socio-cultural 
components existing in the catchments (Jakeman et al., 1997). Reflecting this, the DSS 
was designed to provide stakeholders with a tool that, in addition to modelling 
hydrologic and erosional processes, incorporates local socio-cultural and econorruc 
realities. The primary objective of the project was to develop participatory and analytical 
procedures to allow stakeholders within the Ping Basin to identify and assess options for 
the sustainable development of rural catchments in Northern Thailand (Jakeman et al, 
1997). Impacts of scenarios are distinguished using indicators of both biophysical and 
socio-economic outputs. The biophysical indicators may include quantity of streamflow 
at various nodes within the catchment or estimates of potential erosion from different soil 
or land unit classes, whilst economic indicators may include trends in the variability of 
agricultural production. Figure 1.1 shows the interactions between the components of 
the IWRAM Decision Support System. 
The IWRAM project requrres an integrated approach to the assessment of land and 
water resources management due to the inherently complex nature of the management 
problem. Special consideration needs to be paid to the characteristics of the catchment in 
terms of human, policy, management, and biophysical settings and issues. The 
communities of the highland catchments of northern Thailand rely on a wide range of 
agricultural activities undertaken by farmers who are often in competition for water 
resources. This competition can be particularly intense between upland and lowland 
farmers. Despite the clear goals of governing agencies in terms of restricting further 
expansion of agricultural areas in forested regions, continuing expansion into these 
regions occurs. The social characteristics and policy issues within the focus catchment, 
Mae Chaem - detailed further in Section 2.2 in Chapter 2 - further complicate 
Chapter 1: Introduction 3 
biophysical relationships that are already hotly contested (Alford, 1992; Enters, 1995; 
Schmidt-Vogt, 1998). 
I 
Biophysictd Component 
• Flow and water quality 
models 
• Cropmodel 
• Erosion model 
.......... Climate 
On-site and off-site I ~---------~ ~ 
costs of land use and I 
erosion, benefits of / 
agriculture I , 
I 
/ 
.: 
Economi.c Component 
• Economic Modelling of 
Resource Management Units 
(RMU) 
DECISION 
SUPPORT 
SYSTEM 
- - - - - -> 
Benefits and 
costs of options 
\ 
\ 
\ 
\ Land Use Options 
\ 
\ 
\ 
\ 
Socio-cultural Component 
• RMU analysis 
• Policy analysis 
• Scenario Generation 
Figure 1.1. Interaction between the biophysical, economic and socio-cultural components and the 
IWRAM-DSS (adapted from Jakeman et al., 1997). 
Details on the IWRAM-DSS can be found in Dietrich et al. (1999) and Letcher et al. 
(2002). The IWRAM project and its biophysical component were outlined in Jakeman et 
al. (1997) and Jakeman and Letcher (2001). 
This thesis focuses largely on the development and testing of the biophysical component 
of the DSS developed within the IWRAM project. The biophysical tools are being used 
to identify the potential impacts of biophysical scenarios on crop yields, streamflow 
response and erosion. The integrated DSS was developed to explore potential impacts of 
scenarios (both biophysical and socio-economic) on land use patterns and the resultant 
impacts on socio-economic and environmental indicators. Such scenarios were envisaged 
to be based on policy instruments, investments, technological advances, random climatic 
and biological events, and demographic changes. 
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The study area considered for the development of the Biophysical Toolbox - and the 
IWRAM-DSS - is the Mae Chaem catchment, a 4000 km2 catchment in northern 
Thailand. Within the IWRAM project, four subcatchments of the Mae Chaem were 
focused upon. The development of the hydrologic component required a number of 
additional catchments for testing as the four subcatchments of interest in the IWRAM 
project were not gauged. Further details of the characteristics of the Mae Chaem 
catchment are provided in Chapter 2. A particular aim of the project was that the 
framework for evaluating water resources management be capable of being easily applied 
to catchments other than the Mae Chaem Catchment. Consequently, emphasis has been 
placed on using a modelling framework that allows the addition of required models or 
tools and removal or replacement of obsolete tools. 
The thesis involves three major components of research: 
• Implement an approach to estimate sheet erosion within the catchment. The 
approach implemented allows the development of indicators of potential erosion 
for the catchment in relation to rainfall and land cover scenarios. 
• Develop a methodology for predicting streamflow response to land use or land 
cover changes in ungauged, or poorly gauged, catchments. Given limited data 
availability in northern Thailand a regionalisation approach for inferring 
hydrologic response in ungauged catchments was developed. This contributes to 
the understanding of hydrologic problems and water resource management in 
Thailand where catchments are frequently not instrumented at the scales required 
for impact assessment such as at village nodes. The method is tested for the 
gauged subcatchments within the Mae Chaem catchment in northern Thailand by 
comparing modelled and observed streamflow series. 
• Test and refine a crop model developed as part of the IWRAM project. A crop 
model based upon the Food and Agriculture Organisation of the United Nations 
(FAQ) approach (Doorenboos and Pruitt, 1977; Doorenboos and Kassam, 1979) 
was developed for incorporation within the IWRAM-DSS (Perez et al., 2002). 
Chapter 1: Introduction 5 
The extent to which crop modelling is considered within this thesis is to explore 
the uncertainties within the model, particularly as they relate to inputs into the 
other models. 
Emphasis is placed on developing and testing these individual components and exploring 
the issues involved in their integration within the Biophysical Toolbox of the DSS being 
developed within the IWRAM framework. 
As the outcome of the IWRAM project is the development of a DSS, a number of 
limitations were placed on the modelling approaches. Firstly, the chosen approaches 
could not be too complicated or data intensive. Otherwise, this may have led to problems 
of model identifiability where parameters possess a large range of uncertainty (See 
Section 1.2.2.5). Even technical stakeholders within government departments may not 
have the expertise or time required to use a complicated DSS. The availability of data as 
well as other resources did not warrant the development of highly complicated modules. 
Secondly, the choice of an appropriate model for the crop, erosion, or hydrologic 
module was constrained by the availability of field and catchment data with which to 
drive the selected model and verify model behaviour. Additionally, the biophysical 
components of the DSS had to be integrated with social and economic modelling 
components (Letcher et al., 2002). The strength of the assumptions made in the socio-
economic modelling did not warrant a detailed biophysical modelling approach. Overall, 
the aim has been to establish the directions and magnitudes of changes in indicators for 
given scenarios. 
Although considerable effort has been made to keep the models within the Biophysical 
Toolbox relatively simple in terms of model structure and number of model parameters, 
the toolbox is still complex, particularly in terms of the interactions between the models. 
The aim with integrated models of this type should not be to provide absolutely accurate 
estimates. This task proves too difficult given the inherent complexity of natural systems 
and the scant data usually available. 
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1.2 Environmental Modelling: Reconciling Issues in Modelling 
the 'Real World' 
6 
The development of tools for exploring the assessment and management of 
environmental issues is increasingly being proposed as a means of assisting policy 
making. A disturbing trend has been the move towards the down-scaling of field based 
evaluations in favour of the use of such tools. Consequently, considerable work needs to 
be undertaken to verify the performance of modelling tools, in particular those, now 
becoming widespread, which attempt to explore multi-issue and multi-disciplinary 
problems. This section explores some issues in environmental modelling focusing on the 
issues relating to model construction, particularly in terms of natural complexity and 
spatial and temporal heterogeneities, before briefly reviewing recent work in integrated 
assessment (IA) and Decision Support Systems (DSS). No discussion is provided with 
regards to the requirements of integrated assessment. The review of DSS and IA is not 
intended as a comprehensive review of such tools. More comprehensive reviews are 
provided by Rizzoli and Young (1997) and Letcher (2002). McKinney et al. (1999) 
provides a discussion of integrated hydrologic-economic models and spatial decision 
support systems (SDSS). 
Much of the discussion in Sections 1.2.1 and 1.2.2 is covered in more detail in Merritt et 
al. (2003c). 
1.2.1 lssues of Data Availability, Complexity and Scale 
The last three decades have seen the increasing use of modelling approaches in 
environmental studies. Zannetti (1995) defines an environmental model as 'a computer 
program that provides outputs (i.e. assessments and forecasts) based upon input 
parameters and assumptions provided by the users'. Such approaches are increasingly 
popular as they have the ability to provide valuable information on water quality, land 
degradation, crop production or other issues of environmental, social or economic 
importance. Consequently, these models have been used as regulatory tools in addition 
to their traditional use for research purposes. A number of approaches to environmental 
modelling exist, ranging from simple empirical methods to complex models that account 
for large numbers of detailed processes within the issue being studied. A number of 
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factors need to be considered in order to choose the appropriate model for an 
application. These can be summarised as the suitability of the model to site conditions 
and data requirements, model complexity, the accuracy and validity of the model, model 
assumptions, spatial and temporal variation, components of the model and the objectives 
of the model user(s). 
Jakeman et al. (1999) noted that the difficulties in environmental modelling can be 
characterised as problems of natural complexity, spatial heterogeneity and lack of 
available data. The complexity of natural systems is due to the differences in dimensions, 
temporal and spatial scales, and thresholds of water flow and sediment and nutrient 
transport through and within the media. Natural systems, from plot to catchment scale, 
tend to show a great deal of variation. Grayson and Moore (1993) noted that the scale 
at which uniformity is assumed in hydrologic models is generally greater than the scale at 
which directly measurable parameters are measured in the field, although smaller than 
shown by outflow hydrographs. Model predictions are thus subject to errors as a result 
of the inconsistency of scale between measured parameters and the way they are used in 
the model. Not only are there inconsistencies of scale between the measured parameters 
and their use in the model, there are often conflicts of scale between the various 
parameters themselves in the model. Batchelor et al. (1998) identified potential social 
and biophysical driving forces that drive a hydrologic system, which range in scale 
dependency from the farm level (e.g. family structure, soil type, vegetation distribution) 
to the subnational or regional scale (e.g. commodity prices, infrastructure development, 
annual rainfall and seasonality). 
There needs to be a tradeoffbetween model complexity and accuracy. It is simply not the 
case that increased model complexity increases model accuracy. For example, more 
simple catchment models perform as well as, or at least are not substantially 
outperformed by, more complex models (Loague and Freeze, 1985). Jakeman and 
Hornberger (1993) confirmed this result for different levels of complexity in conceptual 
hydrologic models, as have many other authors (e.g. Kokkonen and Jakeman, 2001; 
Perrin et al., 2001). 
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1.2.2 Model Types and Model Identification 
The extent to which different modelling approaches can overcome some of the 
difficulties in modelling environmental issues is partly determined by the model type and 
the manner in which the system is represented. 
Prior to discussing model types it is useful to raise the issues of model identification and 
over-parameterisation. Given limited data, most complex models require calibration, 
regardless of the model type. Most calibration techniques used for models of medium 
complexity are capable of finding only local optima at best. Spear ( 1995) noted that for 
large simulation models 'there is not a single point in the parameter space associated with 
good simulations, indeed there generally is not even a well-defined region in the sense of 
a compact region interior to the prior parameter space'. Identifying a unique 'best' 
parameter set in terms of goodness of fit is not likely. In general, simpler conceptual 
models have fewer problems with model identification than more complex models. 
However, reduction in problems associated with identifiability through simplification of 
models may come at the expense of goodness of fit to calibration data. More complex 
models are more likely to provide a better fit to calibration data. This does not 
necessarily extend to providing better predictions of future behaviour. The more linkages 
(i.e. the greater the model complexity) the more potential there is for error accumulation 
when a model is run in simulation mode compared with calibration mode (Croke and 
Jakeman, 2001 ). 
Numerous classifications of model types are used, but environmental models generally 
fall into three main categories based on the processes simulated by the model and the 
data requirements of the model. These are empirical, conceptual and physics based 
models (e.g. Wheater et al., 1993). This classification has been widely used in the fields 
of erosion and hydrologic modelling. However, crop modellers have often used the 
classification of models as empirical and mechanistic or deterministic. Not only are there 
different classifications in use, but the classification of models into types is subjective. 
Most models do not fit neatly into these categories, rather they are likely to contain a mix 
of modules from each category. For example, whilst the rainfall-runoff component of a 
water quality model may be physics based or conceptual, empirical relationships may be 
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used to describe erosion or sediment transport in the model. Examples of this are the so-
called conceptual erosion modules that incorporate components of the empirical 
Universal Soil Loss Equation (USLE - Wischmeier and Smith, 1978) such as AGNPS 
(Young et al., 1989). Where the mix of modules is fairly even, a model is classified as a 
hybrid between two or more classes. In this thesis, an attempt to use consistent 
terminology for the crop, erosion, and hydrologic modelling components has led to the 
adoption of the classification of models into empirical, conceptual or physics based. 
1.2.2.1 Empirical Models 
Empirical models are generally the simplest model type, capable of being supported by 
coarse measurements. These models are often based on the analysis of catchment data 
using statistical techniques, and hence are suitable tools for the analysis of data within 
catchments. Most empirical models do not attempt to represent the physical processes 
involved. They tend to be catchment specific, applying only to the catchment for which 
they have been developed and often under the specific conditions existing within the site 
at that time. Often they ignore the heterogeneities of catchment inputs and 
characteristics, such as rainfall and soil types, and inherent non-linearities in the response 
of the system. The ability of empirical models to predict the effects of changes in 
catchment characteristics on water quality and sediment yields can therefore be limited. 
Empirical models also tend to be static, not being event responsive or responsive to 
antecedent conditions. Empirical hydrologic models or water quality models, for 
example, ignore the processes of rainfall-runoff in the catchment being modelled. Despite 
their obvious limitations, empirical models are frequently used in preference to more 
complex models as they can be implemented in data poor situations and are particularly 
useful as a first step in identifying sources of, for example, sediment and nutrient 
generation. 
1.2.2.2 Conceptual Models 
Conceptual models typically treat the catchment as a set of internal storages and 
pathways. These models usually incorporate the underlying physical mechanisms of 
sediment and runoff generation within their structure. Flow paths within the catchment 
are represented as a series of storages, each requiring some characterisation of its 
dynamic behaviour. Conceptual models tend to lump representative processes over the 
Chapter 1: Introduction 10 
scale at which outputs are simulated, although this is not necessarily the case. Recent 
conceptual models tend to provide outputs in a spatially distributed manner. Although, 
conceptual models are based on important processes taking place, parameter values 
generally can not be measured due to the (usually) lumped nature of the model structure. 
Parameter values for conceptual models are generally obtained through calibration 
against observed data such as stream discharge and concentration measurements. Thus, 
these models may suffer from problems associated with the identifiability of their 
parameter values. In terms of complexity and consideration of processes, conceptual 
models provide a compromise between empirical and physics based models. 
1.2.2.3 Physics Based Models 
Physics based models are grounded on the solution of fundamental physical equations 
describing processes within the catchment. Standard equations used in such models are 
the equations of conservation of mass and momentum for flow and the equation of 
conservation of mass for sediment (e.g. Bennett, 1974). 
Although the parameters used in physics based models are theoretically measurable, the 
large number of parameters involved and the heterogeneity of important characteristics 
within the catchment means that in practice these parameters must typically be calibrated 
against observed data. This creates additional uncertainty in parameter values. Like 
complex conceptual models, physics based models are prone to problems with the lack of 
identifiability of model parameters, and non-uniqueness of 'best fit' solutions can be 
expected. The fact that these models tend to have larger parameter and data 
requirements makes them particularly prone to issues of model identifiability if the model 
does need to be calibrated. 
An additional problem with estimating model parameters in physics based models is the 
necessity to lump together spatially distributed variables into data at a single point. Lane 
et al. ( 1995) stated that 'model parameters derived in this manner represent nothing 
more than fitted coefficients distorted beyond any physical significance'. In general, the 
equations governing the processes in physics based models are derived for small scale 
models under very specific physical conditions. However, physics based models are often 
used at much greater scales, and under different physical conditions. The equations are 
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generally derived for use with continuous spatial and temporal data, but the data used in 
these models is often point source data taken to represent an entire grid cell within the 
catchment. Often there is little information to show whether many of the equations used 
in the models are valid beyond the small plot scale (Pickup and Marks, 2001). 
Additionally, there is often a lack of observed physical and biological data within 
catchments with which to drive these models. Hence, equations describing individual 
processes in physics based models are regularly subject to numerous assumptions that 
may not be relevant in many real world situations (Dunin, 1975). 
Physics based models also tend to have greater data and computational requirements 
than other model types. The increased computational demands are greatest when 
ordinary or partial differential equations need to be solved on a discrete basis (Croke and 
Jakeman, 2001). 
1.2.2.4 Distributed Versus Lumped Modelling 
Another way to view the range of models is the way in which they represent the 
catchment or site to which the model is applied; that is, whether the model considers 
processes and parameters to be lumped or distributed. Traditionally, models have 
treated input parameters as lumped over the area of analysis. With increases in 
computing power over the last three decades, the distributed approach has become more 
feasible (e.g. ANSWERS - Beasley et al., 1980; TOPOG_IRM - Zhang et al., 1999). 
Distributed models reflect the spatial variability of processes and outputs within the 
catchment under analysis. As Leon et al. (2001) stated with respect to diffuse sources of 
pollutants, 'the difficulty in modelling non-point source is the problem of identifying and 
quantifying the loads as they are an aggregate of small contaminant inputs distributed 
through the catchment'. Thus, the authors argued, non-point source pollutant models 
require a distributed modelling approach. This attitude is reflected within the literature 
with an increase in the proportion of distributed modelling techniques presented. 
Distributed models have generally involved dividing the area of interest into cells at 
which basic computations are undertaken, although there are exceptions (e.g. Ferro and 
Minacapilli, 1995). Gridded topographic information is becoming more readily available 
through Digital Elevation Models compared with other data inputs to models. For 
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distributed models with in-stream components, the outputs for each grid cell are then 
routed through the system to produce catchment scale outputs. Distributed models raise 
a number of issues, including increased data requirements and, perhaps more importantly, 
effects of grid resolution on model outputs. Input requirements potentially increase 
dramatically when each grid cell requires information. These models have often been 
linked with Geographical Information Systems (GIS). The issue of grid resolution on 
model outputs has been addressed for hydrologic modelling (e.g. Zhang and 
Montgomery, 1994; Quinn et al., 1995; Valeo and Moin, 2000) and sediment generation 
modelling (e.g. Schoorl et al., 2000). 
A compromise between fully distributed methodologies and lumped models is provided 
by the semi-distributed models that disaggregate a catchment into a group of 
subcatchments or similar units over which the model is applied. An example of such an 
approach is the TOPMODEL hydrologic model (Beven and Kirkby, 1979), where an 
area is split into grid cells at which the topographic index, z, is calculated according to 
the equation 
X = Zn( a/tan /J) (1.1) 
where a is area and fJ is slope. All grid cells with the same value of the topographic index 
are assumed to behave in a hydrologically similar way, and this decreases both the 
number of computations and the data requirements for the model. 
Ultimately the choice between lumped or distributed models depends on the desired 
output of the model. Increasingly, resource managers are requiring knowledge of the 
provenance of major sources of pollutants. Distributed models have the potential to 
assist managers in this situation if the data requirements do not inhibit model application. 
If estimations of pollutants or water quantity at the catchment outlet are sufficient, then 
lumped models may suffice. Spatially distributed models should include only those 
parameters and variables for which there exists sufficient information regarding their 
spatial distribution (Rustomji and Prosser, 2001). 
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1.2.2.5 Selecting an Appropriate Model Structure 
Obviously, these model types each serve their purpose and a particular model type can 
not categorically be considered more appropriate than others in all situations. Choice of 
a suitable model structure relies heavily on the function that the model needs to serve. 
Of particular importance in this thesis is that not only should the chosen models within 
the Biophysical Toolbox have adequate information available for use on their own, but 
that the inputs that one model provides to another be associated within some level of 
reliability. Some checks of the uncertainties associated with model outputs need to be in 
place before model outputs can be used as inputs to other models. Overly complicated 
models with large numbers of processes and parameters run the risk of the uncertainties 
associated with model inputs, and therefore outputs, clouding the performance of the 
whole toolbox. Within this thesis, emphasis is placed upon the links between model 
components and maintaining the balance between modules. As Parson (1996) stated 
with reference to Integrated Assessment, 'to gain a comprehensive view or highlight 
broad links . . . simple schematic representations must be used when richer ones are 
available'. This is equally applicable to the development of a toolbox such as that 
developed in this thesis. 
1.2.3 Issues in Integrated Assessment of Land and Water Resources 
A trend in environmental modelling and policy making has been to move towards the use 
of integrated assessment (IA) methodologies as a means of balancing what are most 
usually multi-issue problems with multiple stakeholders. Park and Seaton (1996) 
attributed the rise of integrative research in the field of natural resource management 
over the last decade as coming from the realisation that discipline-specific approaches are 
often not appropriate for policy analysis. To date, much of the literature concerning IA 
has been in the field of climate change with the emergence of the concept as an approach 
for progressing towards an improved understanding of problems in global environmental 
change (Risbey et al. 1996). However, the literature is increasingly reporting work on 
Decision Support Systems (DSS) and IA methodologies for agricultural and natural 
resource policy and research purposes. McKinney et al. (1999) noted that the 
interdisciplinary nature of water problems requires new methods to integrate technical, 
economic, environmental, social and legal aspects into a coherent framework. The 
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authors stressed that 'integrated management must be the primary approach to 
addressing sustainable water resources'. 
IA has a number of functions suitable for use as both policy-making (or guiding) and 
research tools. Risbey et al. ( 1996) identified that IA can be used as: 
• a model building exercise 
• a methodology for gaining insight over an array of environmental problems 
spanning a wide variety of spatial and temporal scales, and 
• a process for providing an organising framework for conducting research. 
Following on with the last point, a primary task within an IA framework is to identify 
key variables that are both relevant and measurable (Park and Seaton, 1996). Generally, 
IA has been aimed at developing models that attempt to integrate information by linking 
representations of the different components of natural and social systems in a computer 
model (Risbey et al. 1996). The extent to which this is achieved can be assessed using 
the example benchmarks for evaluation of research proposed by Janssen and 
Goldsworthy (1996). This involves: 
• a completed diagnosis 
• a functioning model that presents the problem situation 
• availability of data to feed the model 
• an inventory of possible solutions 
• experimental solutions, and 
• farmer-tested solutions. 
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IA methodologies are still in their infancy in terms of development and overcoming the 
barriers of conflicting disciplines. Risbey et al. (1996) noted this for Integrated 
Assessment Models (IAMs) stating that the limitations of model structures often result in 
much of the cultural, political and institutional details being omitted from the model. 
Parson (1996), however, focuses on IA as providing a means by which to highlight broad 
links and suggests that, to achieve this, simple representations should be implemented 
over more detailed - and possibly more physically correct - representations. Whilst 
stating this, Parson (1996) warned that, if users of IA have limited familiarity with the 
origin and the limitations of the method in use, they are 'systematically at risk of 
inappropriate extensions'. Additionally, evaluating IA and IAM is not straightforward. 
Ravetz (1997) noted that Integrated Environmental Assessment is not 'research of the 
ordinary sort, producing results intended to become knowledge, nor is it Rand D, and 
capable of being tested fairly directly through use'. Traditional validation procedures 
used in single disciplines may not suffice for IA. Such issues with respect to validation 
procedures of IA models also apply to the Biophysical Toolbox developed in this thesis, 
although the toolbox is not an IAM according to the strict definition provided by Risbey 
et al. (1996). The toolbox (when integrated within the IWRAM-DSS) utilises output 
from economic modules and rule-based policy decisions regarding water allocation and 
land use. Consequently, this requires a conscious effort to ensure compatibility with 
socio-economic factors during the development of the modules within the toolbox. 
1.2.4 Decision Support Systems (DSS) and the Use of Indicators 
Decision Support Systems (DSS) are computer based tools that are usually comprised of 
a database, model base and user interface. DSS provide researchers and stakeholders 
with a means by which to explore impacts of actions upon stakeholder interests. Calder 
(1998) and Vacik and Lexer (2001) identified DSS as assisting users to define problems, 
generate alternative solutions, evaluate solutions and indicate the best alternatives for 
implementation. DSS are particularly useful at providing support to solve ill-structured 
decision problems (Rizzoli and Young, 1997; Vacik and Lexer, 2001). 
Letcher (2002) classifies DSS into four groups: 
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• biophysical DSS - incorporating only physical, biological or ecological 
components 
• partially integrated DSS - which incorporate econormc knowledge into the 
system, often in the form of 'economic' models that account for direct 
management costs only 
• bioeconomic models - which incorporate only simplistic biophysical knowledge 
with detailed economic models, and 
• integrated DSS - which contain detailed economic and/or social representation of 
the represented system within their structure 
Integrated DSS incorporate considerations like management decisions and change in 
behaviour by stakeholders, in addition to direct costs of mitigation options. To date, 
biophysical DSS are the most common type, whilst relatively few fully integrated DSS 
exist. The Biophysical Toolbox presented in this thesis can be thought of as a biophysical 
DSS. DSS derived from physical sciences tend to incorporate only basic economic 
functions whilst those derived from economic or social sciences tend to contain fairly 
simplistic representations of physical processes. 
A number of DSS for analysing aspects of water resources management have been 
developed. Table 1.1 provides some examples of recent DSS presented in the literature. 
Taylor et al. (1999), in reference to spatial Decision Support Systems, stated that 'when 
making decisions about issues with complex physical and social implications within 
complex organisational frameworks ... a spatial DSS (SDSS) has to combine spatially 
explicit observational data and simulation of physical processes with a representation that 
is suited for communication with non-specialist decision makers and other stakeholders'. 
In other words, the DSS should represent a simplified version of the problem to the 
user/decision maker whilst maintaining its underlying complexity. This is generally 
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achieved by summarising output from a DSS and presenting the main changes for a given 
scenario. 
Table 1.1. Recent examples of Decision Support Systems in fields relating to water resource 
management 
DSS Application Disciplinary References 
Components 
WaterWare Water resource management Hydro logic Jamieson and Fedra 
(1996) 
un-named Silvicultural planning in Economic V acik and Lexer 
forests managed for Social (2001) 
sustained yield of water Ecological 
resources Hydro logic 
EFDSS Riverine health in response Ecological Young et al. (2000) 
to changes in flow regime Hydro logic 
HYDRA Impacts of land use change Hydro logic Taylor et al. (1999) 
on water quality 
CALFORD Evaluation of vulnerability Socio-economic Quinn et al. (2001) 
of water resources to Hydro logic 
climate variability and Ecological 
extreme weather events 
DSSIPM Improving planning and Economic Mira da Silva et al. 
management in large Crop (2001) 
irrigation schemes Production 
NELUP Land use and management Hydro logic O'Callaghan (1995) 
impact on catchment Economic 
systems Ecological 
un-named Impact of different irrigation Crop-soil Lilburne et al. 
systems on the likelihood of interactions (1998) 
environmental Hydro logic 
contamination 
POWA Tool Water allocation Economic Letcher (2002) 
Hydro logic 
un-named Obtain optimum benefit Economic van Due and das 
from water supply, Hydro logic Gupta (2000) 
agricultural and hydropower 
production. 
Within DSS, scenarios that may be run by a user are usually distinguished through the 
use of indicators. Riley (2001) defines an indicator as 'a function of variables that can be 
used in conjunction with a decision rule'. Indicators represent key components of a 
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system, that are directly measured, and have meaning beyond the attribute (Aspinall and 
Pearson, 2000). Many indicators for assessing agricultural sustainability or catchment 
water quantity or quality issues have been presented in the literature. Riley (2001) 
classified these as single component indicators and multi-component indicators. Single 
component indicators measure a single component of the environment; the simplest type 
being a statistic related to a baseline, target or threshold. Each indicator has a 
measurable target yet is often measured in relation to a target. Attaching a threshold to 
decision rules provides limits - what becomes important is whether or not the indicator is 
within acceptable limits of the decision rule. Single component indicators predominate in 
the agricultural and natural resources sector. Multi-component indicators can be a 
simple coefficient of variation, such as the ratio of a variables standard error to its mean 
value, or a more complex weight function of several different components. An example 
of the latter is the US Environmental Protection Agency (USEPA) Index of Watershed 
Indicators, which were developed to (a) characterise the condition and vulnerability to 
pollution of the nation's watersheds, (b) inform water managers and citizens about their 
watersheds and work to protect them, and ( c) measure progress towards the EPA' s goal 
that all watersheds be healthy and productive places (Schultz 2001). Another example of 
multi-component indicators is the Agricultural Sustainability Index (ASI) used by 
Nambiar et al. (2001) where agricultural sustainability is measured as a function of 
biophysical, chemical, economic and social indicators. 
Distinguishing alternatives, or scenanos, from the DSS outputs requires a judicious 
selection of indicators. Stein et al. (2001) noted that indicators should: 
• explicitly relate to a problem or question of interest 
• link the system with the problem owner in a transparent way (i.e. provide 
adequate knowledge concerning the performance of a system with respect to the 
relevant issue) 
• be applicable to various systems and show changes over time, and 
• be feasible to measure or calculate at a reasonable cost. 
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Additionally, the indicator should be simple and readily interpretable (Schultz, 2001). 
Dumanski and Pieri (2000) elaborate on this, identifying indicators for land quality 
assessments as those that are easily understood, easily converted to economic terms and 
are useful for monitoring project performance. This last point is equally relevant for 
inclusion within decision support systems or modelling tools. Indicators that contribute 
little to the meaning of an index should be excluded as they potentially obscure its 
meanmg. 
Surrogate indicators that allude to the component of interest within a system are 
frequently used in the literature. Young et al. (1999) noted that indicators that are 
believed to be the most scientifically defensible are frequently those that have insufficient 
data and understanding to allow any sort of predictive modelling. This, the authors 
argued, led to the need to resort to surrogate indicators. Lefroy et al. (2000) identified 
this within the 'Framework for Evaluating Sustainable Land Management', where 
continued application of the framework required the avoidance of complex 
measurements. It also required the development and use of relatively accurate surrogate 
indicators of important characteristics such as soil fertility, erosion, runoff and leaching. 
Similarly, the choice of indicators as outputs of DSS should reflect this ideal. 
1.3 Outline of Chapters 
The Integrated Water Resources Assessment and Management (IWRAM) project was 
introduced in Section 1.1, as was the contribution of this thesis to the IWRAM project. 
In Section 1.2, a discussion was presented of various considerations involved in the type 
of modelling approaches implemented in this thesis and the fully integrated IWRAM-
DSS. 
Physics based models and complex conceptual models are not particularly appropriate 
for the type of application presented within this thesis owing to: 
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• a lack of data (particularly spatially distributed data) with which to (a) drive the 
models, (b) calibrate and define appropriate parameter set(s) for the models, and 
( c) verify model performance, and 
• demanding computational requirements at large catchment scales (particularly for 
physics based models). 
Empirical and simple conceptual approaches may not suffer from these problems. If 
constructed carefully, as was attempted for this thesis, the approach will still show event 
responsiveness and sensitivity to climate variability, and have an acceptable level of 
physical interpretability of modelling results. 
Although this thesis deals solely with the development and application of biophysical 
models, the approaches were developed with the view that they were to be incorporated 
within a fully integrated DSS that was capable of exploring biophysical and socio-
economic scenarios of land and water management. This placed several conditions on 
the approaches developed. Sections 1.2.3 and 1.2.4 briefly reviewed issues in the 
integrated assessment of land and water resources and the use of Decision Support 
Systems for exploration of water resources options. An important aspect of Decision 
Support Systems is that they should present a simplified representation of the problem to 
the user in the form of summarised model outputs for a given scenario. They are useful in 
identifying broad trends and links. Hence, overly complicated models should not be 
incorporated within the DSS unless they provide significantly greater benefits than less 
complicated approaches. Additionally, maintaining balance between the various modules 
of the DSS is of importance. An aim of the IWRAM-DSS was to develop a fully 
integrated DSS that incorporated an adequate, but not overly detailed, socio-economic 
representation with equivalently detailed representation of the biophysical processes. 
Section 1. 2.4 additionally identified desirable attributes of indicators included within DSS 
for distinguishing between scenarios. Namely, the indicator should explicitly relate to the 
issue of interest, show changes over time and space, and be easily converted to economic 
and environmental terms. These qualities have been taken into consideration in the 
choice of indicators in the Biophysical Toolbox. 
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This introductory section of the thesis is followed by Chapter 2 which characterises the 
Mae Chaem catchment, placing it within the context of Natural Resource Management 
(NRM) and environmental policies in Thailand. Section 2 describes the individual 
modelling components of the Biophysical Toolbox and includes Chapters 3 to 6. In 
Chapter 3, a review of literature on crop modelling approaches, on a catchment or 
subcatchment scale, is discussed prior to a detailing of the model applied within the 
Biophysical Toolbox. A sensitivity analysis of the model outputs to the crop and soil 
parameters within the CATCHCROP model is also provided. This is followed in 
Chapter 4 by a review of erosion processes and methodologies of erosion prediction, 
focusing on their application within humid tropical climates such as in Northern Thailand. 
The performance and value in developing estimates of sheet erosion on a grid basis as 
opposed to the land unit approach implemented in the Biophysical Toolbox is discussed. 
In Chapter 5, the concepts of regionalising data to ungauged catchments are discussed as 
are the range of hydrologic models that have been applied for assessing hydrologic 
response to land use changes in ungauged catchments. Chapter 6 describes the approach 
applied in the Biophysical Toolbox to predict hydrologic response under land cover 
changes in both gauged and ungauged catchments and applies the methodology to 
catchments within the Mae Chaem catchment. This is followed by Section 3 - 'A 
Biophysical Toolbox for Assessment of Water Resources in northern Thailand'. Chapter 
7 draws together the work presented in Chapters 3 to 6 and runs scenarios of land and 
water use options as well as providing an analysis of the overall sensitivity of the 
toolbox. Discussion and conclusions are presented in Chapter 8. 
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2 Natural Resource Management in Thailand and the 
Mae Chaem Catchment. 
Thailand is a rapidly industrialising country and consequently has developed the 
associated problems of increasing water demand and declining water quality. Attwater 
(1994) projected increases in water use for irrigation of 28% by the year 2000 whilst at 
the same time identifying that further urbanisation and agricultural intensification of the 
northern regions would decrease strearnflow exports. Projections such as this suggest 
increasing problems with water resources availability in the future. This, and recognition 
of other areas of concern in the natural resource area, has led to considerable institutional 
efforts in Thailand to conserve resource bases and move toward sustainable 
development. This culminated in 1997 with the adoption of a new Constitution that 
requires every person to conserve natural resources and the environment as provided by 
law (United Nations, 2000). Environmental considerations, particularly those relating to 
water allocation and demand, are being considered in the key policies adopted by the 
Thai Cabinet aimed at decreasing poverty through agriculture and food security. For 
example, a key policy is to 'ensure food security to prevent impacts from natural 
disasters, in areas with production potential as well as areas that are adequately served 
with water resources' (United Nations, 2000). 
In Thailand, the government body responsible for coordinating the management and 
development of water resources at the national level is the National Water Resource 
Committee. Its main functions are (United Nations, 2000); 
• preparing, and submitting for Cabinet approval, objectives and policies for water 
resources development at all scales 
• providing guidelines, support, and coordination to other agencies in preparing 
development plans or projects 
• approving and overseeing the plans 
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• prioritising and controlling the allocation of water resources between sectors 
• supervising and maintaining water quality 
• improving laws and regulations related to development, control and maintenance 
of water resources and their quality. 
At a sub-national level, the government agencies that coordinate water resource 
management and development at a policy level include the Royal Irrigation Department 
(RID), the Department of Mineral Resources (DMR), the Department of Rural 
Development (DRD) and the Department of Health. Provincial Governor's Officers and 
Local Administration Offices operate at the district level, and sub-district Administration 
Organisations play a role at the local level. Table 2.1 details the mandate of the relevant 
bodies with regard to water management. 
Table 2.1. Functions of government agencies involved in water resources management in Thailand 
(from United Nations 2000). 
Ag-ency Function 
Royal Irrigation Department (RID) Development of water resources and 
management of irrigation and drainage systems 
nationwide 
Department of Mineral Resources Management of groundwater resources 
(DMR) nationwide 
Department of Rural Development Rural development, including domestic water 
(DRD) development 
Department of Health Freshwater quality monitoring nationwide 
Office of the Permanent Secretary Hospital waste management 
of the Ministry of Public Health 
Provincial Governor's Offices Management of provincial natural resources 
Local Administration Offices Management of resources and environment 
within their jurisdiction 
Sub-district Administration Offices Management of resources and environment 
within their jurisdiction 
The state of water resources is inextricably linked to land use and management. With this 
comes the realisation that both land and water resources must be tackled concurrently if 
it is to be successful. For example, under the gth National Social and Economic 
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Development Plan, the Land Development Department (LDD) undertook to promote 
sustainable agriculture between 1997 and 2000 by considering land use planning, land 
and water conservation systems, erosion control systems, integrated agricultural systems, 
improved cropping systems, and forest expansion and conservation. 
In 1997, the Thai Cabinet adopted for implementation a 'Policy and Prospective Plan for 
Enhancement and Conservation of National Environmental Quality, 1997-2016', 
prepared by the Office of Environment Policy and Planning. The plan details goals, 
policies, and implementation guidelines for the effective use of land resources (United 
Nations, 2000). Within this plan, the Thai government is committed to a number of 
policies relating to the development, conservation, and rehabilitation of water resources. 
Concerning surface resources, these are to: 
• develop and conserve surface and ground water sources at the basin level, taking 
into account socio-economic and environmental impacts 
• improve administration and management of surface water resources to ensure 
efficiency 
• promote effective utilisation of surface water resources to maximise benefits and 
minimise environmental impacts. 
With respect to fostering the linkages between national forest programs and land 
management and policy in the highlands, the Land Development Department has an 
Office of Highland Development which coordinates and facilitates the implementation of 
policies and programs related to the management of highland areas in cooperation with 
the Watershed Management Division of the Royal Forest Department. Tasks involve 
• preparation of land use plans which clearly identify watersheds 
• identification of land development activities suitable for highland areas 
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• participation in preparation of management plans for the management of river 
basins impacting on highlands, and 
• preparation of highland area management plans for each province, district and 
sub-district. 
A number of policy and management options have been investigated in an effort to 
overcome various emerging concerns. The main government agencies in Thailand 
involved in the implementation of policies for agricultural and other land uses are the 
Royal Irrigation Department (RID) and the Land Development Department. 
Two major policies and management options are of relevance to this thesis; the first 
concerning the nationwide watershed classification, and the second concerning land 
evaluation to assess the suitability of land for certain land uses. 
2.1.1 Watershed Classification System 
In 1982, the Office of the National Environment Board (ONEB) was commissioned to 
devise a detailed national watershed classification system (Krairapanond and Atkinson, 
1998). Watershed classes were calculated using a 1 km2 grid - considered small enough 
to be useful for land use planning whilst still limiting processing requirements - using 
information from topographic, soil, geology and forest maps. The watershed classes 
account for physical characteristics, such as landform, geology, soil, elevation, and slope, 
as well as forest cover and environmental features of landscape units which interact with 
climate trends and human uses. Multivariate analyses were carried out to determine 
statistical relationships between variables. A general equation for the prediction of 
watershed classes (WSC) based on the values for each landscape unit and values 
assigned for each variable is as follows: 
WSC =a+ b.(slope) + c.(elevation) + d.(landform) + e.(geology) + f(soil) +forest (2.1) 
where a to fare constants and landforms are the product of the recent erosional history 
(Krairapanond and Atkinson, 1998). 
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Since 1995, when the Thai Cabinet approved the results of the implementation and 
passed a resolution on the use of classification system, the entire country has been legally 
subject to the watershed classification system (Krairapanond and Atkinson, 1998). All 
government agencies involved in land management are obliged to follow the resolution 
and clearly account for land utilisation and land use decisions for each watershed class. 
However, it is important to note that the system classifies broad land areas and, prior to 
its use as a management tool, it requires considerable work to designate detailed land 
uses within each class. A detailed description of the watershed classification system is 
provided in Krairapanond and Atkinson (1998). Between 1985 and 1995, the total land 
area of the entire country was classified into watershed classes (WSC) 1-5 (Table 2.2). 
Table 2.2. Watershed classification system implemented in Thailand. 
Watershed Landform/Erosion Hazard Description 
Class 
WSClA High elevation and very Comprises protected forest and 
steep slopes. Extremely headwater source areas. Should remain 
prone to erosion. as permanent cover. 
WSClB As above. Similar physically and environmentally to 
lA although portions have been 
previously cleared for agriculture or 
villages. Special conservation and 
protection measures. Reafforestation 
and/or agro-forestry encouraged. 
WSC2 Less subject to erosion than Areas of protection or commercial 
lA or lB. forests. Logging and mining allowed 
within legal boundaries. Grazing and 
certain crop production can occur if soil 
conservation measures in place. 
WSC3 Upland areas with steep May be used for commercial forest, 
slopes. Less erodible than grazing, fruit trees, or certain crops with 
2. appropriate soil conservation measures. 
WSC4 Gently sloping land. Arable crops, fruit trees and grazing. 
Moderate need for conservation 
measures. 
WSC5 Gentle slopes to flat areas. Paddy fields or other intensive 
agricultural uses. Few restrictions. 
Sathirathai (1995) criticised the classification system, suggesting that the guidelines are 
too crude to be used for land use planning as they do not provide sufficiently detailed 
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information to allow management at a farm level and should include considerations of 
socio-economic and cultural factors. 
2.1.2 Land Use Planning 
The Land Development Department (Land Use Planning Division) in Thailand have 
adapted the land evaluation methodology proposed by the Food and Agriculture 
Organisation of the United Nations (FAO, 1976; FAO, 1983) for their land use planning 
projects. While the approach still retains the structure of the 197 6 F AO Framework for 
Land Evaluation, it has been modified for use in Thailand to incorporate previous 
policies relating to forestry, particularly that relating to watershed classes. 
2.1.2.1 FAO Framework 
The FAO (1976) Framework for Land Evaluation sets out basic concepts, principles and 
procedures for land evaluation and is primarily designed to provide tools to support rural 
land use planning. This evaluation framework defines six principles on which land 
evaluation should be based (FAO, 1976; FAO, 1983). 
• Land suitability assessed and classified with respect to specific kinds of land use 
(e.g. rainfed agriculture or a more specific land use). 
• Land suitability is defined by economic criteria and requires a comparison of the 
outputs obtained and the inputs needed on different types of land use. 
• A multi-disciplinary approach is required including, for example, economics, 
ecology, agronomy and soil surveying. 
• The physical, economic, social and political context needs to be considered. 
• Suitability refers to land use on a sustained basis. 
• Evaluation involves the comparison of two or more land use types. 
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The framework sets out the general procedure by which the suitability of a land type to 
land uses can be classified (Figure 2.1). Suitability classes involve consideration of land 
(including soil, vegetation, hydrology, land form and climate), major land use, land 
characteristics, land quality (ratings from very good [l] to very poor [4]), diagnostic 
factors (such as those in Table 2.4), land use requirement, and land improvement. Land 
quality ratings, which include consideration of issues such as erosion hazard or climate 
regimes, are compared with the requirements of a given land use to give suitability class 
limits of: Sl, highly suitable; S2, moderately suitable; S3, marginally suitable, and N, not 
suitable. The procedure for obtaining the suitability classes can be summarised as (van 
Diepen, 1991): 
• selecting relevant land uses and their requirements 
• describing land units and assessing land qualities 
• comparing land use requirements with land qualities for each land use on each 
mapped land unit 
• making a provisional suitability classification 
• conducting a economic and social analysis 
• deciding a final suitability classification. 
2.1.2.2 The LDD Approach: Defining Land Units 
The Land Development Department in Thailand has developed a land unit approach that 
defines the given yield of a crop for a particular land unit (or land suitability class) based 
on the FAO land evaluation procedures (FAO, 1976). Liengsakul et al., (1993) applied 
the F AO framework to one of the districts of the Chiang Mai province in northern 
Thailand as part of a study for locating new sites for permanent cropland in the highlands 
of northern Thailand. Kuneepong et al. ( 1990) summarised six land evaluation systems, 
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including the LDD approach based upon the F AO Framework for Land Evaluation, for 
application in the Upper Pasak watershed, Phetchaban, Thailand. 
Land Units (LU) 
1 
Description of LU in 
terms of Land 
Characteristics (LC) 
1 Conversion Table (LC~LQ 
A given land use or land 
utilisation Type (LUn 
1 
Description of LUT in 
terms of Land Use 
Requirements (LUR) 
I 
Rating table i 
+ 
Descriptions of LU in Specification of 
terms of rated Land Matching l suitability class in terms 
~-Q_ua_litie_s (_LQ)_~ ---~--~ -- ~o_frm_·m_·mu_m_req_ui_red_LQ~ 
1 
Overall suitability class 
rating for the given land 
use on each land unit. 
Figure 2.1. Schematic representation of the determination of the suitability of land units for a 
given use on the basis of land qualities (van Diepen et al. 1991). 
The approach adopted by LDD within the IWRAM project is illustrated in Figure 2.2. 
The procedure requires the use of various maps in addition to aerial photos. Details of 
the required material are provided in Table 2.3. 
Defining land units is not a purely biophysical procedure. The land use, irrigation, land 
improvement and forest policy maps are constrained by socio-economic and political 
contexts in addition to the biophysical characteristics of the land. This appears to be the 
major modification of the F AO framework whereby previous policies are incorporated 
into the land evaluation. 
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Geological Map 
I Soil Parent Materials I 
DEM 1 +--- ~I __ Sl_op_e C_Ia_ss_es_~I ..__ 1 Contour Lines +--- l~_To_po_g_rap_hi_c M_a_p~ 
Mapping Units I 
1 +--- ._I _F_iel_d s_o_il s_u_rve-'-y---'I +--- I Aerial Photo Mapping +--- l.___A_en_· al_Ph_ot_o _ _, 
Soil Units Mapping I 
+- I Land Use Map 
+- I Irrigation Map 
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Land Units 
Figure 2.2. Procedure for the generation of 'land units' employed by the Department of Land 
Development in Thailand. 
Table 2.3. Mapping requirements for land use planning in the highlands of northern Thailand 
(LDD, pers. conun.). 
Material Description 
Topographic Map (1 :50000) 
Geological Map (1:250000) 
Soil Unit Mapping (1:10000) Generated from topographic and geological map with 
the exception of Wat Chan where a detailed soil map 
exists. 
Aerial Photo (1: 15000) Used (along with ground surveys) as a 'ground 
check' of the generated soil map. 
Land Use Map (1: 10000) Classifies land use according to paddy field, terracing 
paddy field, annual crop, perennial crop, shifting land, 
forest, and plantation forest (LANDSAT imagery 
1995-96). 
Irrigation Map Indicates areas of rainfed and irrigated agriculture 
within the site (obtained from LDD Division 6). 
Land Improvement Map Land improvements include terracing and hillslope 
ditches (management improvements in the land unit 
methodology include these two in addition to 
irrigation). 
Land units derived using the procedures shown in Figure 2.2 are used to develop land 
suitability classifications for a particular use according to the FAO framework. These 
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land units are described in terms of land qualities and are matched with land use 
requirements to determine the suitability of a particular land unit for a particular land use. 
The land use requirements for a certain land use include the consideration of crop 
requirements (e.g. moisture availability), management requirements (e.g. soil 
workability) and conservation requirements (See Table 2.4). 
Table 2.4. Land use requirements adopted within the LDD Land Use Planning Division (Tansiri 
and Saifuk, 1996; Tansiri and Saifuk, 1999). 
Requirement Type Land Quality Diagnostic Factor 
A. Crop Requirements Radiation regime Radiation 
Temperature regime Mean temperature in 
growing period 
Moisture availability Requirements in 
growing period (mm), 
inundation (month) 
Oxygen availability Soil drainage (class) 
Nutrient availability Nutrient availability 
(N, P, K, OM), 
nutrient status (class), 
reaction 
Nutrient retention CEC, Base Saturation 
Rooting conditions Effective soil depth 
(cm), watertable 
depth (cm), root 
penetration (class) 
Flood hazard Frequency (yrs/time) 
Excess of salts EC of saturation 
(mmho/cm) 
Soil toxicities Jarosite depth 
B. Management Requirements Soil workability Workability (class) 
Potential for mechanisation Slope (class), rock 
outcrop (class), and 
stoniness (class) 
C. Conservation Requirements Erosion hazard Slope (class), soil loss 
( ton/rai/year) 
The land units provided by the Land Development Department are used within this thesis 
as a surrogate for soil type and topographic complexes and form the fundamental 
modelling unit for the crop and erosion models. 
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2.1.3 Other Policies Pertinent to Natural Resource Management in Northern 
Highland Catchments 
32 
The Forestry Department and Land Reform Department classify forest into four zones: 
• A: those areas suitable for agricultural activities 
• B: areas designated for economic uses 
• C: conservation zones 
• N: Not considered 
Combining this plan with the watershed classification policy, management of natural and 
disturbed forest is treated differently in conservation areas to other land (pers. comm. 
LDD, November 2000). In conservation zones, natural forest areas are protected 
whereas, in disturbed areas efforts are placed into reforestation - either natural or 
plantations. In the remaining land - those with watershed classifications 3 to 5 and 
National Forest Zone classifications of A and E - current forested areas are nominally 
protected. Disturbed forest areas, if unsuitable for alternate land uses, are reforested. 
Otherwise, they are used for agriculture, agro-forestry or other appropriate land uses. 
In the Land Use and Land Cover Change report (NRC, 1997) five pieces of legislation 
were identified as playing important roles in the context of land use and land cover 
changes to the environment. Many of these concern forest production and use. 
• Forest Legislation 1941 - the main functions of the legislation are related to 
controlling and protecting forest resources, logging and use of forest 
products. 
• Legislation of Forest Reserved Area 1964 - the legislation places some 
valuable forest resource areas under protection. The legislation is more strict 
than the Forest Legislation 1941. 
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• National Park Legislation 1992 - acts to preserve forest reserved areas or 
other areas identified as having high aesthetic, recreational, and/or 
educational values. 
• Preservation of Wildlife Legislation 1992 - targets the preservation of 
wildlife through the preservation of habitat areas. 
• Forest Plantation Regulation 1992 - supports economic forest plantations, 
targeting the preservation of those tree species which are of economic value. 
These policies are some of the means by which government agencies plan for land and 
water resource sustainability. In northern Thailand, these policies effectively restrict any 
further development of the highland regions. 
2.1.4 Effectiveness of NRM in Thailand 
In a report on the 'National Implementation of the Rio Commitments' by the United 
Nations (United Nations, 2000) there is recognition that having so many agencies 
involved in water resources issues (combined with lack of coordination between the 
agencies) is a major hurdle for the government in its effort to reach its objectives for 
water management. Efforts are underway to limit these constraints and to promote 
efficient water allocation through the development of integrated watershed management 
and revised of water laws. A tool such as the IWRAM-DSS has the potential to help 
those various agencies to improve coordination and explore solutions to water resource 
conflicts and resourcing issues. Jakeman and Letcher (2001) summarise the advantages 
of such environmental information and support systems as, a 
• way of exploring and explaining tradeoffs 
• tool for adoption and adaptation by stakeholders 
• longer-term memory of the project methods 
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• library of integrated data sets 
• library of models, methods, visualisation and other tools 
• focus for integration across researchers and stakeholders 
• training and education tool 
• potentially transparent tool. 
Evidence of the effectiveness of the IWRAM-DSS in coordinating government agencies 
comes from the fact that the IWRAM project has recently commenced a new adoption 
and extension phase which has greatly expanded the number of government agencies 
involved. It now includes not only the Land Development Department, but also the 
Office for Highland Development, the Royal Forestry Department, the Ministry of 
Agriculture and the Office of the National Water Resource Committee. 
2.2 The Mae Chaem Catchment 
The work presented in this thesis was undertaken in subcatchments of the Mae Chaem 
catchment situated in the northwest of the Ping Basin (Figure 2.3). The Ping River Basin 
is one of the main tributaries of the Chao Praya River flowing south prior to being joined 
by the Nan River. The basin covers an area of 33,898 km2 and experiences floods due to 
the irregularity of rainfall distributions throughout the basin (Krishnamra et al., 1998). 
As is typical of much of Thailand, and indeed much of the world, stakeholders in the 
Ping Basin are experiencing difficulties in the development of policies to plan for the 
sustainable use, protection, conservation, and management of land and water resources 
(Jakeman et al., 1997). These difficulties are often exacerbated by the fact that the 
relationships between biophysical and socio-cultural processes, particularly the influence 
of changes in land use on natural resources, are highly complex (Enters, 1995; 
Scoccimarro et al., 1999). 
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Mae Chaem 
Figure 2.3. Location of Mae Chaem catchment within Thailand. 
2.2.1 Human Settings 
The Mae Chaem is settled by hilltribe populations (Karen, Hmong, Akha and Lisa) and 
native Thai people, with the population of the highland regions mostly comprised of 
hilltribe people [the total population of hilltribe peoples was 42,881 in 1995] and Thai 
locals predominant in the lowland areas [the total population of native Thai peoples was 
48,979 in 1994] (NRC, 1997). The hilltribe population in this area migrated from Laos, 
Myanmar, and China over the last century. 
2.2.2 Policy and Management Settings 
The watershed classification of the Mae Chaem catchment, shown in Figure 2.4, shows 
that much of this catchment, particularly in the northern and western regions have been 
classified as WSClA. Watershed class IA was designed to protect the area from any 
exploitation of natural resources unless necessary for forest and ecological rehabilitation 
(Krairapanond and Atkinson, 1998). All residents located in these areas were to be 
evacuated and relocated. This is largely not reflected in the land cover maps from the late 
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1990's. Existing areas of agriculture within the region tend to have remained in use 
despite the policy of relocation. 
Class 
L:=i1A 
CJ1B 
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Figure 2.4. Watershed classes within the Mae Chaem catchment provided by the National 
Research Council of Thailand. Details of the watershed classes are provided in Table 2.2. 
Combined with forest zoning policy undertaken by the Land Reform Department (pers. 
comm. LDD, 2000), little remaining land is available for development within the Mae 
Chaem. This is illustrated in Figure 2.5. The Upper Mae Yort subcatchment is an 
upland catchment ( 148 km2) on the western side of the Mae Chaem. Agriculture 
predominantly involves the growing of crops such as upland rice, maize, and some 
vegetable crops. Overlaying the watershed classes (A) with the forest zoning plan (B) 
leaves two small areas ( 12.4 km2) in the south of the catchment legally available for 
alternate land uses (C). Using this, much of the existing agriculture from the 1997 land 
cover (D) would not be allowed. 
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Figure 2.5. Policy effects on land availability for agriculture; A - watershed classes, B - forest 
zones, C - available land use, and D - 1997 agricultural areas within the Upper Mae Y ort 
subcatchment (A, B and D were provided by the Land Development Department in Thailand). 
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2.2.3 Climate 
Thailand has a monsoonal climate for up to seven months of the year (Turkelboom et al., 
1997), and this seasonality is illustrated in the average monthly rainfall recorded at four 
stations within the Mae Chaem: Ban Mae Mu (04061202) and Ban Kong Kan 
(04061302), Mae Chaem District (00007) and Wat Chan (00001). Annual rainfall within 
the region is highly variable from year to year, ranging, for example, from 745 mm in 
1993 to 1804 mm in 1994 at Ban Mae Mu. This variability is illustrated in Figure 2.6 for 
the Mae Chaem district in the Mae Chaem catchment. The wet season starts in mid-to-
late May and extends through to October, reaching a peak in July to August (Figure 2.7). 
Approximately, 95% of rainfall in the Mae Chaem occurs during the wet season. 
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Figure 2.6. Deviation from the mean rainfall (986 mm) for the Mae Chaem district in the Mae 
Chaem catchment between 1952 and 1992 (station 00007 in Appendix 1). 
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Figure 2.7. Mean monthly rainfall (mm) for four stations in the Mae Chaem catchment (Station 
numbers indicated in brackets correspond to the station ID listed in Appendix 3). 
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2.2.4 Topography 
Elevation within the Mae Chaem catchment varies from 475 m to 2560 m above sea level 
(Figure 2.8), and slope (in degrees) ranges from 0° to 78° (Table 2.5). Elevation and 
slope statistics for the subcatchments used in this thesis, and the IWRAM project, are 
summarised in Tables 2.5 and 2.6. 
0 10 20 30 40 50 km 
c=J 240-497 
~ 498-755 
c=J 756 - 1013 
- 1014-1271 
IT] 1272 - 1528 
- 1629-1786 
- 1787-2044 
~ 2405-2302 
~ 2303-2560 
Figure 2.8. Digital Elevation Model for the Mae Chaem catchment (source: Dr Somporn 
Sangawongse). 
Table 2.5 Slope (0 ) characteristics for subcatchments of the Mae Chaem. 
Subcatchment Area Slope (in degrees) 
(km2) Min. Max. Mean St. Dev. 
Mae Mu 68.5 0.02 38 14 6.6 
Mae Pan 45.9 0.00 54 17 9.1 
Mae Uam 43.6 0.00 50 18 9.7 
Upper Mae Y ort 146.9 0.02 51 20 8.5 
Wat Chan 243.4 0.02 49 14 7.7 
Kong Kan 2157.0 0.00 78 19 8.5 
Huai Phung 1180.0 0.00 74 19 8.5 
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Table 2.6. Elevation (metres above sea level) characteristics for Mae Chaem catchment. 
Subcatchment Min. Max Mean St. Dev. 
Mae Mu 741 1743 1149 175 
Mae Pan 474 2539 1152 546 
Mae Uam 480 2411 938 382 
Upper Mae Yort 871 1802 1262 150 
Wat Chan 880 1624 1104 108 
Kong Kan 480 2560 1068 258 
Huai Phung 512 1998 1073 229 
2.2.5 Land Use 
Three time slices (1985, 1990, and 1995) ofland cover information were obtained for the 
entire Mae Chaem catchment from the National Research Council (NRC) of Thailand. A 
summary of the land cover for these time slices is shown in Table 2. 7. Over the five year 
period from 1985 to 1990, the percentage of land classified as forest decreased by 10% 
from approximately 3380 km2 to 2980 km2• This was mainly converted to upland 
agriculture - fields and fallow fields - in the upper half of catchment, with slight 
increases in the amount of paddy. Between 1990 and 1995, there was relatively little 
change in land cover, with slight increases in forest area observed. Figure 2.9 provides 
some examples of agricultural activities within the Mae Chaem catchment. Figure 2.9A 
shows terraced agriculture, which commonly exists on steeply sloping lands. Some fruit 
orchards exist within the catchment such as the orchard shown in Figure 2.9B. On low 
sloping lands, intensive agriculture such as paddy fields is undertaken (Figure 2.9C). 
Figure 2.9D shows mixed agriculture including a longan orchard and Figure 2.9E shows 
an upland rice field after harvesting. The major crop grown in the wet season is rice for 
subsistence purposes combined with limited agricultural cash crops. The crops 
considered in the Biophysical Toolbox at this stage are paddy rice, upland rice, soybean, 
maize grain, maize forage, groundnut, cabbage, potato, onions, and temperate and 
tropical fruit trees. 
The Mae Chaem catchment has only relatively small scale regulation of stream:flow. 
Examples of engineering structure present within the catchment are shown in Figure 
2.10. A common form of irrigation used on low sloping fields in the Mae Chaem 
catchment is the basin irrigation method, otherwise known as paddy fields (Stein, 1979). 
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An example in the Mae Chaem catchment is shown in Figure 2.11. This irrigation 
method requires the division of a field into small units, each of which has a close to level 
surface. Small banks - commonly referred to as bunds - of 30 to 50 cm high are 
constructed around each unit to form a basin. For crops such as paddy rice which 
require periods of inundation the basin is filled with water. The water is then retained 
within the basin until it infiltrates in to the soil or until the farmer drains off the excess. 
Table 2. 7. Percentage land use for Mae Chaem in 1985, 1990, and 1995 (original land cover data 
was a product of the IGBP-START project and was provided to the IWRAM project by the 
National Research Council of Thailand). 
Land Cover Class Percentage Area 
1985 1990 1995 
Forest 88.07 77.71 79.80 
Paddy 0.93 1.43 1.62 
Urban 0.01 0.05 0.06 
Upland field 5.17 7.49 5.77 
Water 0.01 0.02 0.02 
Upland fallow field 5.81 13.31 12.75 
2.2.6 Soils and Land Units 
The Land Development Department provided land unit information for the Wat Chan, 
Upper Mae Yort, Mae Uam and Mae Pan subcatchments. The dominant land unit within 
the subcatchments is land unit 49 (indicated in dark green in Figure 2.12) which 
comprises silty textured soils on steeply sloping land. The Mae Uam and Mae Pan 
subcatchments have a large extent of low sloping clay soils suitable for paddy agriculture 
(land units 88 and 99), but the extent in the Wat Chan and Upper Mae Yort 
subcatchments is far smaller. Table 2.8 describes the soil and topographic classes of the 
Upper Mae Yort, Wat Chan, Mae Uarn and Mae Pan subcatchments and the areal extent 
of each land unit. 
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Figure 2.9. Examples of agricultural activities within the Mae Chaem catchment. A: terraced 
agriculture within steep headwaters [photo taken by S.Yu. Schreider], B: remains of an orchard 
on a slope affected by mass movment [photo taken by W.S. Merritt, November 2000], C: intensive 
agriculture on paddy fields with furrow irrigation [photo taken by S.Yu. Schreider], D: longan 
orchard near San Kieng village in Mae Pan [photo taken by W.S. Merritt, November 2000], and 
E: upland rice field post-harvesting [photo taken by W.S. Merritt, November 2000]. 
Figure 2.10. Examples of irrigation structures in subcatchments of the Mae Chaem. (A) A small 
irrigation canal in the Mae Pan subcatchment, and (B) a weir in the Mae Pan subcatchment 
[photographs taken by W.S. Merritt, November 2000]. 
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Figure 2.11. Paddy agriculture in the Mae Chaem catchment showing small banks (bonds) 
bordering plots on low sloping lands [Source: IWRAM project]. 
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Figure 2.12. Land unit classification for the IWRAM study subcatchments of the Mae Chaem 
catchment (from top to bottom: Wat Chan, Upper Mae Yort, Mae Pan and Mae Uam). GIS 
coverages were provided by Land Development Department, April 2000. 
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Table 2.8. Land units in the Mae Chaem catchment (provided by LDD, April 2000). 
Land Unit Soil Texture/Description Slope Class WC UMY MU/MP 
6 Shallow loam and gravel soils DorE 0.0 2.6 0.0 
23 Deep loam soils AorB 7.6 2.1 2.4 
25 Deep loam soils c 27.5 2.9 5.7 
27 Deep loam soils DorE 14.8 11.2 0.0 
35 Shallow clay and gravel soils c 0.0 5.8 0.0 
with 2-10% rock outcrops 
37 Shallow clay and gravel soils DorE 0.0 10.0 0.0 
with 2-10% rock outcrops 
45 Deep clayey soils AorB 6.9 3.7 7.6 
47 Deep clayey soils c 10.7 21.2 35.0 
48 Deep clayey and gravel soils B 4.0 0.0 0.0 
49 Deep clayey soils DorE 41.6 0.0 0.0 
50 Deep clayey and gravel soils DorE 1.8 0.0 0.0 
55 Medium deep clayey and DorE 0.0 84.5 0.0 
gravel soils 
88 Deep clayey irrigated paddy AorB 0.0 1.9 5.1 
soils 
99 Deep clayey paddy soils AorB 2.7 0.8 1.8 
Notes: A-0-8%, B- 8-16%, C-16-35%, D- 35-60%, E- > 60% 
2.3 Data Availability in the Mae Chaem 
2.3.1 Hydrologic Series 
There are five streamflow gauges in the Mae Chaem catchment, of which three were 
used in the testing of the discharge regionalisation procedure (Chapter 6). These stations 
were the Kong Kan, Huai Phung and Mae Mu stations (Figure 2.13). The Kong Kan 
subcatchment drains an area of 2157 km2 above Mae Chaem city - the largest urban 
settlement in the Mae Chaem catchment. The Huai Phung catchment is located further 
upstream draining an area of 1180 km2, and the Mae Mu catchment is an upland 
catchment draining an area of 68.5 km2• Table 2.9 shows annual discharge and runoff 
coefficients for the three stations. The two additional stations were of dubious data 
quality and were thus excluded from the studies in Chapter 6. 
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Figure 2.13. Discharge gauging stations ( ... ) in the Mae Chaem used in the application of the 
discharge regionalisation procedure. The focus catchments of the IWRAM project are shown. Mae 
Chaem city is indicated by the red dot. 
Table 2.9. Annual discharge and runoff coefficients for the Kong Kan, Mae Mu and Huai Phung 
subcatchments of the Mae Chaem. 
Kong Kan Mae Mu HuaiPhung 
Discharge Runoff Discharge Runoff Discharge Runoff 
(m 3/s) Coefficient (m3/s) Coefficient (m3/s) Coefficient 
1985 7857 25 -- -- -- --
1986 5126 22 -- -- - - --
1987 6154 15 -- -- -- --
1988 6600 22 495 42 3444 19 
1989 6679 28 409 40 3700 23 
1990 6554 23 378 35 3960 24 
1991 6719 23 319 35 3141 22 
1992 6967 26 284 33 3131 23 
1993 4308 20 258 38 1811 16 
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2.3.2 Generation of Rainfall Surfaces 
A common input to the models presented Chapters 3, and 6 is rainfall. Inputs for 
the models are generated from regional rainfall surfaces. Rainfall interpolation was 
achieved using the ANUSPLIN package (Hutchinson, 2000; Hutchinson and Gessler, 
1994). The package is applicable for the spatial interpolation of noisy multivariate data 
using thin plate smoothing splines (Hutchinson and Gessler, 1994). A brief review of 
methodologies commonly used for the interpolation of point data, a description of the 
technique implemented for generating rainfall surfaces for the Mae Chaem catchment 
and, using these surfaces generate daily rainfall series is given in Appendix 2. 
2.3.2.1 Features of Rainfall 
Mean monthly rainfall surfaces were produced for the Mae Chaem catchment and 
surrounding areas using average monthly rainfall for 79 stations in the Chiang Mai and 
Mae Hong Son Province. Details of the stations are provided in Appendix 3. A number 
of features of the rainfall data used to develop the rainfall surfaces require attention. It is 
widely recognised that rainfall typically displays complex patterns spatially, particularly in 
mountainous regions (e.g. Hutchinson, 1998b; Watling et al, 2000). If this is combined 
with the common problem of very low densities of rain gauges in high altitude regions, 
the task of interpolating rainfall increases in complexity. Most of the 79 stations used 
were located in low lying areas close to Chiang Mai city. Relatively few stations have 
been established in high elevation regions of the catchment and on the western side of the 
Mae Chaem catchment. While there is a strong trend of rainfall increasing with increasing 
elevation, a large amount of scatter exists, suggesting rainfall in this region is to a large 
extent not only controlled by elevation, thus requiring a technique that incorporates 
spatial variations as well as elevation dependence. 
With most of the gauges used in the interpolation being located near Chiang Mai and at 
low elevations, there is potential that an interpolation technique could introduce large 
errors in the estimated rainfall. The low density of high elevation stations raises the 
possibility that outlier stations, with extreme high or low precipitation totals, may 
introduce bias and errors in the interpolated rainfall surface. This issue was considered in 
the development of the rainfall surfaces in Section 2.3.2.2. 
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2.3.2.2 Rainfall Surfaces Generated using ANUSPLIN 
The procedure used for generating rainfall surfaces is provided in Appendix 2. The 
generated surfaces were interrogated with a 1 km2 grid cell resolution DEM to produce 
the grids of mean monthly rainfall, four of which are shown in Figures 2.14 to 2.17. A 
resolution of 1 km is sufficient to show macro-scale variations in rainfall with elevation, 
without being too coarse. 
The more reliable surfaces appear to be those for the wetter months, where trends in 
rainfall distribution are more apparent. In dry months, the variability of rainfall is more 
extreme and the reliability of the interpolated surfaces is greatly decreased. For example, 
the mean surface for January showed a reverse elevation trend for the main channel of 
the Ping River below Mae Chaem city (Figure 2.14). This is an artifact of the 
interpolation procedure. Over the region of interpolation, the range in long term mean 
precipitation for January is 32 mm. Despite an inverse precipitation trend with elevation, 
this should have little impact on the rainfall-runoff modelling presented in Chapter 6 and 
the results of the Biophysical Toolbox as a whole. Firstly, the test watersheds are located 
above Mae Chaem city while the inverse elevation trend was strongest along the main 
channel of the Mae Chaem River below Mae Chaem city. Secondly, errors in the 
interpolated surface for January are not likely to have a large impact on the modelling 
results presented in this thesis as the rainfall over this period is generally not large and is 
not likely to either contribute much water to streamflow or greatly affect other aspects of 
the water balance. 
The general trend in the rainfall surface shows a decrease in rainfall moving westwards 
across the Mae Chaem catchment, although the lack of gauges in this region may act to 
enhance this trend. Most of the stations used to generate the surfaces were located to 
the east of the Mae Chaem catchment, in the surrounds of Chiang Mai City. This 
potentially introduces bias towards these data points, although decreasing the number of 
data points (in the east) from the 79 stations used in the final interpolation did not 
improve the surfaces statistically. Ideally, ANUSPLIN should be run with a large 
number of stations, and as such it was considered that decreasing the number of stations 
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in the Chiang Mai region further to reduce bias would not significantly improve the 
performance of the interpolation procedure. 
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Figure 2.14. Interpolated long-term mean precipitation (in mm) for January 
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Figure 2.15. Interpolated long-term mean precipitation (in mm) for April 
Figure 2.16. Interpolated long-term mean precipitation (in mm) for July 
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Figure 2.17. Interpolated long-term mean precipitation (in mm) for October 
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Despite problems with data quality, the use of thin plate smoothing splines to interpolate 
rainfall provides a means by which both position in a catchment and elevation 
dependence are explicitly considered. Further improvements could be expected with 
more stations within the Mae Chaem catchment itself and on the western side of the 
catchment or perhaps if the interpolation procedure were extended to incorporate aspect 
as another independent spline variable. Lyons and Bonell (1992) noted that tropical 
rainfall tends to be more variable than rainfall from higher latitude regions. It could be 
expected, therefore, that a reduction in the accuracy of generated surfaces of long-term 
mean rainfall in tropical regions may occur compared with that using similar station 
densities in temperate regions. 
2.4 Concluding Remarks 
This chapter highlighted the policy settings under which resource management and use in 
northern Thailand operates. Despite the development of policies such as watershed 
classification and forest zoning to protect and conserve forest and water resources, to 
date their effect has been questionable. Sathirathai ( 1995) noted that three factors 
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characterise policy problems - policy inconsistency, neglect of human factors, and 
inappropriate classification criteria. Within the Mae Chaem catchment, current policies 
zone the majority of the as being unavailable for land cover other than forests. 
Using these classifications, many of the existing agricultural activities are located within 
zones classified as unavailable for use. It does not seem likely that the complete removal 
of these activities from such areas will be achieved. The effects of these activities on 
land and water resources are often hotly contested - partly due to a limited 
understanding of the biophysical processes in action and additionally due to complex 
social characteristics of the catchment. The IWRAM-DSS offers government agencies 
or those in charge of developing land use plans and implementing policies a tool for 
exploring the issues within the catchment in the form of scenarios. The next four 
chapters (Chapters 3 to 6) lead into the individual models within the biophysical 
component of the IWRAM DSS - the 'Biophysical Toolbox'. The issues of data 
availability detailed in this chapter mould the structure and complexity of the individual 
models within the Biophysical Toolbox. 
Section 2 
Crop, Erosion, and Hydro logic Models for the 
Analysis of Aspects of Land and Water Resources 
Management: Development and Testing 
Above: Agricultural fields in the Mae Uam subcatchment of the Mae 
Chaem catchment post-harvesting. Crops grown were predominantly 
rice for subsistence purposes. 
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3 Crop Modelling Tools for the Analysis of Land and 
Water Resources Options 
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A key component of the Biophysical Toolbox developed in this thesis is a crop model 
that is capable of providing estimates of seasonal crop yields and time series of crop 
water use. The crop model is directly linked with the hydrologic module applied 
(Chapter 6). Section 3.1 provides a brief review of crop modelling tools for assessment 
of land and water resource issues. A discussion of the various applications of crop 
models is included as well as the types of models that exist - empirical, deterministic, 
integrated and summary models - in Section 3.1.1. The detailed physiologically based 
models that look at the individual plant processes will not be focused upon in this 
review. A methodology for the crop modelling component of the Biophysical Toolbox 
is presented in Section 3.2. Testing of the model response to management options and a 
preliminary sensitivity analysis is covered in Section 3.2.3. It is expected that 
sensitivities and uncertainties of the crop model outputs will propagate through to the 
hydrologic module. 
3.1 Crop Modelling Tools for Analysis of Land and Water 
Resource Issues 
3.1.1 Role of Crop Models 
The role of crop models can be split into three general groups; research, crop systems 
management and policy analysis (Boote et al., 1996), although Seligman (1990) adds 
education as another model use. 
The evolution of crop modelling from a research viewpoint has been described in detail 
by a number of authors (e.g. Penning de Vries, 1990; Seligman, 1990: Boote et al., 
1996; Bouman et al., 1996; Sinclair and Seligman, 1996). Research into crop modelling 
has focused largely on the integration of mainly physical disciplines with the traditional 
discipline of plant physiology. Relative to the other roles of crop models, the function of 
research models, as a tool for furthering understanding processes, ensures that such 
models are generally more complex than those developed for farm management, policy 
and education purposes. 
Chapter 3: Crop Modelling Tools for the Analysis o[Land and Water Resources Options 53 
The use of crop models for crop systems management can be thought of as a means of 
evaluating management practices and decision-making, for water use, fertiliser use, 
erosion control, and pesticide use, amongst others (Boote et al., 1996). These models 
have the potential to be used at the farm scale for developing optimal management 
strategies and have been frequently incorporated into Decision Support Systems (DSS) 
intended as guides to practical application. 
Crop models additionally have the potential to be used as a policy analysis tool (Boote 
et al., 1996). For example, the use of crop models to develop land suitability classes 
may be applicable in development of land use planning policy. In particular, crop 
simulation models or some form of crop yield relationships are ever more frequently 
being applied to assess yield potentials of crops at regional or greater scales (e.g. van 
Diepen et al., 1991; Bouman, 1994). The crop model used to predict yield for each land 
unit can vary from simple empirical growth functions (e.g. Aggarwal, 1988; Liengsakul 
et al., 1993) to the incorporation of more complex crop simulation models (e.g. 
Bouman, 1994; Cabrera et al., 1998; Roetter et al., 1998). 
This review will focus on crop modelling approaches and their suitability for inclusion 
within an integrated framework for water resources assessment. 
3.1.2 Crop Modelling Approaches 
Two distinct model classifications have been presented within the literature. Models 
have conventionally been classified according to the methodology by which they are 
developed as 
• mechanistic: processes are described with explicit biological and physical 
functions, and 
• empirical: processes are described with statistical fitting functions. 
Alternatively, models can be classified according to assumptions on which they are 
based as: 
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• Deterministic: input variables are described by single-non-probabilistic values, 
and 
• Stochastic: input variables are described by distribution functions 
This review uses the former classification system. 
As with other modelling disciplines, the majority of crop models are neither purely 
mechanistic nor empirical. Rather, Montieth (1996) notes the two extremes of (a) 
models that are almost exclusively based upon established principles of physics and 
chemistry, and (b) 'simulation' models comprised of potentially large numbers of 
algorithms, rnany of which have empirical relationships or constants. A crop model may 
be composed of dozens, even hundreds, of algorithms, a number of which may contain a 
set of empirically determined constants (Easterling et al., 1996). 
3.1.2.1 Empirical Approaches to Crop Modelling 
Empirical approaches include simple linear, non-linear and multivariate analyses used 
to fit historical yield data to average temperature and precipitation records (Dumanski 
and Onofrei, 1989). Empirical methods have commonly been used as a predictive tool 
as they generally require little in the way of data for the application, although they are 
usually derived from some sort of statistical estimation procedure using data from other 
situations. 
Perhaps the greatest disadvantage with empirical approaches to crop modelling is that 
they tend to be site specific. That is, the relationships used to predict yield for a site 
may be different to those of another site such that relationships developed for one site 
will not adequately predict yields outside this area. Other limitations to the use of 
empirical crop models exist. Williams and Probert (1983) noted that 'a major weakness 
in these methods is that they rely on equations with no basis in terms of the accepted 
concepts of the processes they attempt to represent'. This limits the ability of such 
methods to deal with positive and negative feedbacks between factors of a dynamic 
nature (van Diepen et al., 1991). Additionally, empirical approaches tend to have only 
one output, whether it is yield or a particular aspect of growth. For the Biophysical 
Toolbox presented in Chapter 7 this is insufficient. The requirements for the crop 
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model are two-fold firstly, the prediction of crop yields and, secondly, crop water use 
throughout the cropping period. 
Recognition of the limitations of empirical approaches to crop modelling led to a large 
amount of research into developing alternative approaches that focus more closely on 
processes. Despite this, empirical models have the potential to remain an important tool 
for land evaluations and yield prediction for some time to come. This is especially so in 
areas where it is inappropriate to apply more complex models due to data limitations. 
Hence, these models are still used widely and are likely to continue serving a purpose 
for some considerable time to come. This is enhanced by the ease with which these 
models are applied, thus increasing their attractiveness for policy or decision-makers. 
Care must be taken to ensure that these models are not applied outside conditions for 
which the model was developed. 
3.1.2.2 Mechanistic Modelling Approaches 
The development of mechanistic models has largely arisen due to the recognition of the 
complexities of crop growth. They range in their complexity, specificity, and precision 
in representing the processes controlling growth. They can be further classified into sub-
groups of crop specific and generic models. Crop specific models are often developed 
to model aspects of a single crop, and frequently incorporate detailed information about 
the plant. For instance, SOYMOD (Elwell et al., 1987) is a soybean crop specific model 
in which the plant is treated as a series of nodes, each of which has leaf, stem, and fruit 
components connected to a single root system. This model purely considers the amount 
of photosynthate versus the growth of the plant, is very detailed and requires a large 
amount of data. Generic models, on the other hand, can be used to predict aspects of 
crop growth for multiple crops. For example, WOFOST (van Diepen et al., 1989) 
simulates daily crop growth by describing C02 assimilation, respiration, phenological 
development, transpiration, and water and nutrient uptake. Although WOFOST 
considers numerous processes, it is a generic model, first developed to assess the yield 
potential of over twenty annual crops. Such generic models are process-orientated and 
simulate the effects of weather, soil water, genotype, and soil and crop nitrogen 
dynamics on crop yield and growth. 
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Mechanistic models tend to allow dynamic simulation on a number of time steps and in-
depth consideration the processes underlying crop growth. Consequently, these 
models are more complicated and computationally demanding than empirical 
approaches. Added application possibilities and increased versatility are, however, some 
compensation this. Whether or not these features outweigh the negatives relating to 
high data requirements depends largely on the intended application of the model. 
An advantage of mechanistic crop models is that the explicit relationships within the 
model have a physical basis. As such, it is often considered that they might be applied 
outside their domain of calibration, tending to universality. However, Sinclair and 
Seligman (1996) argue that developers are unable to guarantee the performance of their 
model under all environmental conditions. Besides, each parameter has its own 
inaccuracies, even assuming that the ineans to measure the parameter exists. These 
uncertainties may arise from measurement errors or from spatial and temporal 
heterogeneity (Box and Jenkins, 1976; Aggarwal, 1995). Although useful for furthering 
the understanding of physiological processes at the plant scale, mechanistic models may 
have limited applicability for larger-scale yield prediction purposes. Additionally, even 
the most process-oriented crop models contain empirically determined constants or 
relationships, depending on their conditions of calibration. This also limits the universal 
application of the model (Monteith, 1996). 
In terms of an appropriate tool for inclusion within the Biophysical Toolbox presented 
in Chapter 7, mechanistic models have an advantage over empirical models in that they 
are capable of predicting a number of outputs over the duration of the crops' growth. 
Use of such models is potentially constrained by a lack of data with which to support 
the model. 
3.1.2.3 Intermediate Approaches: Conceptual and Summary Models 
In practice, most models represent a compromise between rigour and utility (Monteith, 
1996). In other words, crop simulation models are generally not purely empirical or 
mechanistic. Such approaches have been termed intermediate approaches and can be 
further classified as either conceptual or summary models. 
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Simplifications in models often arise from analogies with simpler systems. 
Additionally, developers generally intend to create simulation tools adapted to a specific 
issue, for example fertility depletion, water deficit or farming practices modifications. 
This can result in quite unbalanced conceptual representations of the different growth 
steps. For instance, many conceptual models have been developed based on nested 
reservoir representations of the water stress function: CROPWAT (Smith, 1992; FAQ 
1991), SARRA (Baron et al., 1995), GOA (Brisson et al., 1992), YIELD (Hayes et al., 
1982), and CATCHCROP (Perez et al., 2002). On the other hand, few conceptual 
models of the nutrient stress function exist, apart from QUEFTS (Janssen et al., 1990). 
However, several studies have shown that conceptual models are efficient enough to 
simulate actual processes, provided that time steps and input parameters are correctly 
defined (Maraux and Lafolie, 1998; Wegehenkel, 2000). 
Summary or skeleton models represent models that have been stripped from more 
detailed models such that they contain only the most significant processes and 
components. An example of such a model is SUCROS, a simple crop growth model 
derived from BACROS, that simulates the time course of dry matter production of a 
crop, from emergence till maturity, dependent on daily total irradiation and air 
temperature (van Keulen et al., 1982). LINTUL, (Spitters and Schapendonk, 1990), a 
further simplification of SUCROS, has been used for estimating potential dry matter 
production at regional and global scales (Roetter et al., 1998). Their advantages are that 
they provide a more simplified representation in terms of parameter requirements whilst 
still retaining some physical meaning. However, there comes a point at which further 
simplification may result in model relationships that have lost their physical basis and 
can potentially be misleading (Sinclair and Seligman 1996). 
Intermediate approaches are very useful for resource management evaluation if 
correctly constructed. They can give consistent yield estimates regarding space and time 
variations but retain the flexibility to reflect major changes in state variables (Dumanski 
and Onofrei, 1989). They provide a compromise between empirical and mechanistic 
models. 
Chapter 3: Crop Modelling Tools for the Analysis of Land and Water Resources Option.=s ____ ~5~8 
3.1.3 Comparative Analysis of Crop Modelling Approaches 
The applicability of a modelling approach is determined by a number of factors 
including (Seligman, 1990) 
• the intended use of the model 
• the processes considered and their level of detail 
• the data requirements, and 
• the model accuracy. 
3.1.3.1 Intended Model Use 
Perhaps the most important factor in determining the appropriateness of a modelling 
approach is the intended use of the model as this determines the processes to be 
considered. For example, an emphasis on erosion-productivity requires detailed 
consideration of soil processes but this may not be as important for pest damage studies. 
Intended use also determines the complexity of the model - that is, the number of 
processes to be included and the detail which the processes are considered. For 
example, if an annual yield estimate is all the model output that is required, then an 
empirical approach may be perfectly adequate if not more appropriate than a more 
complicated approach. However, empirical approaches generally are only capable of 
predicting one output, usually yield. If more information is required, such as 
phenological development, photosynthesis, or nutrient and water uptake, then such an 
approach will not be feasible. 
This is further complicated when crop prediction approaches are to be linked with other 
modelling needs for the development of integrated approaches for analysing catchment 
issues. This point is elaborated further in Section 3.1.4. 
3.1.3.2 Scale Issues 
Issues of natural complexity were discussed in Chapter 1. However, a particular 
problem with broad scale crop productivity and crop water use studies is resolving 
complexities that arise from spatial differences between processes, particularly between 
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economic and physical processes (Whisler, 1983; Penning de Vries, 1990). As key 
processes change with scale so should the models applied to simulate a system. 
Batchelor et al. ( 1998) illustrated the potential social and biophysical driving forces 
within catchments (Table 3.1). This explains why economic models often tend to be 
incorporated with simple empirical or intermediate models. Although these approaches 
are widely recognised as having flaws and limitations, it is questionable whether the 
difficulties of scale between economic and the more complex mechanistic based crop 
models can be adequately addressed for the linking of these components to be a feasible 
option in modelling agricultural systems. 
3.1.3.3 Data Availability 
In catchment or regional scale studies, the issue of data availability becomes of utmost 
importance. Hackett et al. ( 1995) stated that 'in order to use deterministic crop models 
for regional predictions of crop yield, it is often necessary to include soil parameters 
which may not be available or may be at an inadequate level of resolution'. Such 
models require a large amount of input data and consequently can be difficult to apply. 
A large number of parameters in these models will have to be determined through 
calibration in such sparse data situations, raising difficulties with identifiability, model 
uniqueness and the physical interpretability of calibrated parameters. Empirical models 
tend not to require large quantities of data and are computationally simple but have 
limited meaning. Intermediate approaches may represent a suitable compromise 
between data requirements and physical meaning. 
Table 3.2 illustrates this point further with a comparison of the input requirements of 
four well known crop models - CERES:Rice, CROPWAT, WOFOST and YIELD. The 
CERES:Rice and WOFOST models are examples of mechanistic models and have 
much greater parameter requirements than the conceptual models CROPW AT and 
YIELD. In a comparative study of the performance of the CERES:Rice and YIELD 
models in estimating crop-environment relationships, Mahmood (1998) concluded that 
'despite the superiority of the CERES:Rice model in replicating actual bio-chemical-
physical processes, difficulties due to data availability such as model calibration and 
validation impedes the widespread application of the model'. In contrast, despite the 
simplification of cause-and-effect loops in the YIELD model, the physical basis and 
performance of the model is satisfactory and can be considered as a possible tool for 
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application in the crop-environment relationships if input data are not available for the 
use of CERES :Rice (Mahmood, 1998). 
Table 3.1. Scale dependency of some key processes (adapted from Batchelor et al., 1998). 
Potential Driving Farm to Catchment Scale Sub-national to Regional Scale 
Forces 
Social/Economic • community organisation • commodity prices 
• division of labour • infrastructure/ development 
• water pricing 
• property regime 
• technology 
Biophysical • microclimate • annual rainfall 
• season • seasonality 
• soil erosion • landform 
• topography • crop potential 
• drainage pattern 
• soil type 
• vegetation distribution 
Problems of data availability are exacerbated in developing countries, where detailed 
information for supporting complex models is less often collected. For example, 
Kuneepong et al. (1990) noted that the major problem in the use of WOFOST in 
Thailand is that the data needed to run the model are very specific and can be collected 
for experimental sites, but are generally not collected during land surveys. The use of 
intermediate models may combat this to some extent and provide an alternative that 
allows the dynamic simulation of crop yields, whilst still limiting data requirements and 
retaining some physical meaning. 
3.1.4 Incorporating Crop Models within Integrated Modelling Frameworks 
3.1.4.1 Examples of Integrated Platforms 
The prevalence of integrated approaches to environmental modelling has seen the 
integration of existing crop models with biophysical, economic and other relevant 
models. In the literature this has been largely in the form of relating the processes 
influencing crop productivity to land degradation hazards, particularly erosion and 
water usage. 
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Table 3.2. Input requirements of selected models (adapted from Kuneepong et al., 1990 and 
Mahmood, 1998). Inputs required by each. model are indicated by a positive sign ( +) while a 
negative sign (-) indicates that the input data or variable is not required to nm the crop model. 
Input Requirements WOFOST CROPWAT YIELD CERES:Rice 
Weather/Climate 
Solar radiation + - + + 
Air temperature + + + + 
(max/min) 
Air humidity + + + -
(max/min) 
Sunshine hours + - - -
Wind speed + + + -
Precipitation + + + + 
Potential + - - -
evapotranspiration 
Cloud cover - - + -
Crop 
Planting (sowing + + - + 
and/or transplanting) 
date 
Development rate + + - -
Life span of leaves + - - -
Initial total dry weight + - - -
Dry matter + - - -
distribution 
Rooting depth - + + -
Min. concentration of + - - -
macroelement 
Crop factor (Kc) - + - -
Row spacing/seeding - - - + 
depth 
No. of plants per hill - - - + 
No. of plants per mL - - - + 
Age of seedling - - - + 
Base temperature to - - + + 
estimate phenological 
stages 
Irrigation amount and - - + + 
frequency (irrigation 
efficiency) 
Bund height - - - + 
Floodwater depth - - - + 
Fertiliser application - - - + 
dates, amounts 
Harvest Index - - + -
Maximum tolerable - - + -
soil salinity 
61 
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Table 3.2 ... continued 
Input Requirements WOFOST CROPWAT YIEW CERES: Rice 
Soil 
Conductivity (for + - - + 
each layer) 
PF curve (top and + - - -
subsoil) 
Soil classification - - + + 
Texture - + - + 
No. of layers of in soil - - - + 
profile 
Depth (horizons) + - - -
Initial moisture + - - -
content 
Available water + + - -
Organic carbon + - - -
Total phosphorus + - - -
(ppm) 
Phosphorus (Olsen) + - - -
Available potassium + - - -
Cation exchange + - - -
capacity 
pH + - - + 
Percolation rate - - + -
Depth of groundwater - - + -
table 
Slope - - - + 
Bulk density - - - + 
Clay, silt and sand - - - + 
content 
Root quantity for each - - - + 
layer 
Total nitrogen for - - - + 
each layer 
Drainage - - - + 
Permeability - - - + 
Plot/Field data 
Latitude + + + + 
Longitude + + + + 
Elevation - - + -
Field size - - + -
Slope of field - - + -
Total number of 26 12 19 28 
parameters 
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The structure of these integrated models is generally such that the inclusion of relevant 
processes, and exclusion of unwanted processes, is of relative ease. For instance, 
APSIM, an acronym for Agricultural Production System Simulators (McCown et al., 
1993), is a software system that provides a flexible structure for simulating the 
influence of soil management and climate on cropping systems, with the soil as the 
central focus (Probert et al., 1997). The structure of APSIM is such that processes are 
conceptualised as separate modules that are easily modified without affecting other 
modules. Given the large number of modules that can potentially be incorporated into 
APSIM' s framework, the data requirements can be large. On the other hand, an 
integrated approach has the potential to provide more useful information about a system 
than other approaches that do not account for the inter-relationships between processes. 
Data requirements can be minimised by removing modules of no relevance to particular 
applications. 
Other examples of models that integrate a crop model with other biophysical or 
economic models are 
• the Erosion Productivity Impact Calculator (EPIC - Williams et al., 1984 ), 
which links crop models with erosion models to explore the impact of erosion on 
crop productivity, and 
• DSSIPM (Mira da Silva et al., 2001) - a DSS that links crop production with 
economic models for improving planning and management in large irrigation 
schemes 
Keating et al. (1995) argued that, although catchment scale problems often arise from 
the net effect of many field-scale conservation or management decisions, catchment 
scale models are not equipped to deal adequately with these issues. Rather, the authors 
suggest consideration at the paddock scale is desirable, because this allows the 
complexities of management issues and economic analyses to be incorporated. This is 
reflected in the scale at which many integrated models are used and the assumptions that 
are made. However, it is becoming increasingly obvious that, for the management of 
land and water resources in particular, a field scale approach is not suitable. Further 
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efforts need to be placed into incorporating existing integrated models into catchment 
scale networks. 
3.1.4.2 Catchment scale issues 
Currently there is a need the development of catchment scale approaches utilising 
both economic and agronomic factors as components for integrated modelling of 
agricultural systems. Easterling (1996) stated that it is unlikely that crop models will 
ever be capable of simulating crop growth at a resolution of hundreds of kilometres 
because they are designed to simulate growth processes of a single plant or across a 
hectare. 
There are a number of additional complexities that need to be acknowledged and 
overcome before the analysis of catchment scale issues usmg a combined crop-
economic modelling approach becomes possible. These can be summarised as 
• the accentuated problem of data availability 
• the large number of crops that are grown within a catchment 
• the different types of cropping systems within the catchment 
• the different scales of analysis at which the system can be modelled, and 
• distribution of water within the catchment. 
The diversity of the cropping systems and the average plot area are two constraints for 
modelling crop productivity and water use in many catchments. For instance, a survey 
undertaken in small subcatchments of Mae Chaem have recorded approximately 60 
crops grown (IWRAM project survey undertaken in 1997). Realistically, it would not be 
possible to model every single crop; some simplification of the system is necessary. 
Three options exist for predicting broad-scale crop yield in such a situation - to 
• consider only the major crops and use a specific crop model for each 
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• combine similar crops into a representative simulated crop 
• use a conceptual generic crop model. 
The first option has the advantage of simplification but also involves the risk of 
ignoring certain crops that, although not important in terms of area, may be of 
significant economic, social, or biophysical importance. For instance, while an area 
under paddy rice may not be significant compared with the area of another crop, in 
terms of irrigation consumption, paddy rice may be more important to consider. 
Likewise, cash crops may be small in total area yet contribute disproportionately to the 
economy of the region. Additionally, it is not feasible to incorporate a large number of 
crop specific models within an integrated framework in terms of linking the crop 
models with other models such as hydrologic models. 
The creation of a representative simulated crop as a means of simplifying the cropping 
system is a relatively elegant solution. The difficulty in this is to define a single set of 
criteria that satisfies the economic and biophysical characteristics of actual cropping 
systems. Generally, a number of 'representative' crops that broadly cover the range of 
biophysical and economic or social factors affecting cropping systems within the region 
would need to be developed. 
Finally, the use of a generic conceptual model may avoid the above difficulties. The 
major issue with a generic conceptual approach is whether the crop model has the 
capacity to model crops with very different life cycles - for example, annual versus 
perennial - or nutrient and water requirements. Of particular relevance in many areas is 
whether such an approach has the capacity to deal with both irrigated and rainfed crops 
with a sufficient degree of accuracy. For example, in many areas of southeast Asia 
characterised by large areas of both rainfed and irrigated crops, the model should be 
able to simulate the water balance of, for example, paddy rice and upland orchards. 
Analysis of catchment issues in such conditions will be more complex given the 
extreme differences between the two types of crops in terms of economic and 
biophysical considerations. The presence of irrigated crops in an agricultural catchment 
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adds additional economic and social influences on decision-making, particularly with 
reference to water allocation and resource management (Scoccimarro et al., 1999). 
Some of the simplifying assumptions that are often made, and which are acceptable at 
the plot scale, are unlikely to be applicable at the catchment scale. The obvious 
example of this is the assumption of homogeneity of both soil and water availability 
characteristics. In terms of water availability, many models have some assumed 
condition - either water limited or potential conditions. In reality however, the 
distribution of water throughout a catchment is not uniform, with some sites potentially 
waterlogged while other areas of the catchment may have a water deficit. Not 
surprisingly then, recent attempts to cope with catchment issues have largely used 
distributed modelling and benefited from the increase of computing powers. McKinney 
et al. ( 1999) see the future direction for modelling water resources at the basin level as 
being greater use of GIS based Decision Support Systems that integrate hydrologic, 
economic, agronomic and institutional components. 
3.1.5 Review Summary 
The consideration of crop-water relationships is an essential component for both 
economic and biophysical approaches to water resources issues at the catchment scale. 
Policy instruments are more often applied at the catchment scale, and it is at this level 
that hydrologic, economic and agronomic components need to be incorporated within a 
modelling framework for water resources management. 
However, the incorporation of crop modelling approaches within a modelling 
framework for the integrated assessment of land and water issues at the catchment scale 
remains problematic. The data sets required to describe crop growth processes 
considered in many models are often only available at the plot to field scale. 
Consequently, at the catchment scale the available data may be insufficient to drive 
many existing crop growth models. Under such circumstances only key catchment 
scale processes warrant consideration. 
Mechanistic crop models are generally not suitable for incorporation within a 
framework for water resources assessment over broad scales. Problematic issues relate 
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to their high data requirements, model identifiability and error accumulation, and the 
scales for which they were developed not being compatible with the processes at which 
other disciplines operate. 
Empirical models, on the other hand, tend to have relatively modest data requirements 
and can be used in regions where data availability restricts the use of other model types. 
Such models potentially do not suffer the problems of error accumulation to which more 
complex models are subject and can be more accurate in predictive applications. Their 
use, however, is restricted to the conditions for which they were developed. This is 
widely recognised for the application to other geographical locations although it is also 
a valid concern for applications where catchment conditions, for example climate, may 
change over time. 
Intermediate crop models represent a compromise between the two extremes of 
empirical and mechanistic models. Such models have often been developed by 
identifying the key processes affecting crop production and ignoring those processes 
that are not considered essential. Conceptual models tend to be constructed with a 
specific purpose in mind, such as water balance applications, and often can result in 
unbalanced representations of the growth processes. Summary models, on the other 
hand, are developed by stripping more detailed mechanistic models down such that they 
contain the most significant processes and components. 
Intermediate models show the most promise for being incorporated within a framework 
for water resources assessment because they are simplified in their representation but 
retain some physical meaning. Dumanski and Onofrei (1989) suggested that summary 
type models showed the best promise for land evaluation in the future. This suggests 
that they retain some degree of transferability, unlike purely empirical models. 
Although simplifying crop models may result in models with limited feedbacks and 
limited use for process level physiology (Penning de Vries, 1990), this is not the 
function of catchment scale analyses. At these scales, broad trends in response to 
external factors are sufficient for the exploration of management options. 
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3.2 Approach for the Mae Chaem Catchment 
The crop modelling aspect of the Biophysical Toolbox needed to be directly linked with 
the economic and social components of the IWRAM-DSS with particular emphasis on 
scenario simulation. The objective of this was to develop an understanding of yield 
variability over time. The large scales involved this study effectively mean that the 
most suitable approach to crop modelling is a simple approach that allows the 
minimisation of problems of scale between agronomy and socio-economics. Not only 
are issues of scale important, the detail of the processes is important too. In this thesis, 
there is little need for complex models that consider large numbers of processes, 
primarily because of the limited amounts of data available for use within the catchment. 
These constraints point to a relatively simple crop yield model capable of simulating 
crop stages throughout the season and yields at the point of harvesting. The outputs 
required are crop water use through the season and final crop yield. The crop model 
chosen for this application is the CATCHCROP model (Perez et al., 2002). 
Being a conceptual model, CATCHCROP provides a compromise between mechanistic 
or process-based models and empirical models (see Section 3.1.2). The model requires 
19 parameters describing the soil and crop environment (see Appendix 1). The approach 
chosen for this thesis corresponds to the third option for predicting broad-scale crop 
yields presented in Section 3.1.4.2 - that is, application of a conceptual generic crop 
model that can predict aspects of crop water use in addition to crop yield for a number 
of crops. Although it has been noted that simplified models such as CATCHCROP may 
be of limited value in detailed studies of crop yield and plant physiology, this is not the 
purpose of the approach to be incorporated in the Biophysical Toolbox. What is 
required as outputs are the broad trends in response to external factors such as climate 
and land management. A model such as CATCHCROP is sufficient for this purpose. 
3.2.1 The CATCHCROP Model 
CATCHCROP is a conceptual generic crop model that has been applied in catchments 
in northern Thailand. The model was developed in response to the recognition that 
many existing crop models require large amounts of highly specific data such as 
detailed soil information (e.g. conductivities of each soil layer, cation exchange 
Chapter 3: Crop Modelling Tools for the Analysis of Land and Water Resources Options 69 
capacity) to drive them. These are rarely collected outside experimental stations. Whilst 
limiting data needs, CATCHCROP allows the dynamic simulation of crop yields. 
The model involves a number of subroutines (Figure 3.1) whereby 
• runoff over a 10 day time step is estimated 
• water balances are constructed for the soil and crop available reservoirs and deep 
drainage 
• maximum, sub-optimal and actual evapotranspiration are calculated at the 
current time step, and 
• water demand for the next time step is calculated. 
At the end of each season, yield is calculated according to a crop's potential yield, the 
water stress of the crop, and the ratio of actual and maximum evapotranspiration. 
Initialisation 
I 
Runoff Losses (RO} 
SCS (1972) methodology 
I 
Soil Evaporation Co"ection 
I 
Water Storage and Drainage (DD) 
Water balances for soil and crop 
reseNoirs and deep drainage. 
I 
Evapotranspiration 
maximum ET, sub-optimal ET 
(depends on fertility), actual ET 
I 
Water Demand (DEM) 
! 
Adjusted Yield 
Figure 3.1. Flow chart for the calculation of crop yields using the CATCHCROP model (from Perez 
et aL, 2002). 
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Runoff is calculated according to a modified SCS (1972) equation (Equation 3.1 ), 
ro; = (m - o.2(1s.cs.cc) 2 ) 
m + 0.8(/S.CS.CC) 
70 
(3.1) 
where rri is the pseudo-daily average rainfall calculated as the amount of rainfall in the 
10 day period (RRi) divided by the number of days in the 10 day period with rain 
exceeding 5 mm (NRDi), IS is the daily infiltration rate for a given type of soil (IS), and 
CC is a correction factor due to crop management. As many catchments in Northern 
Thailand have cropping activities on steep slopes, Perez et al. (2002) added a slope 
correction factor (CS) which reflect the reduction in surface detention with increasing 
steepness. When rri exceeds the product of IS, CS and CC, daily runoff is calculated 
according to Equation 3.1. Otherwise no runoff occurs. If plots are bunded, IS is set to 
20 mm/day to account for retention of water and hence increased infiltration. As 
equation 3.1 needs a daily calculation, runoff is estimated on a pseudo-daily time step 
calculated according to the actual number of rainy days (NRDi) that exceed a threshold 
(5.0 mm) during a 10 day period (Equation 3.2). 
(3.2) 
The next step of the model is then the application of a correction to account for 
evaporation from the soil surface - a dominant source of losses during the initial growth 
stage of the crop or bare fallow periods. A virtual surface reservoir is characterised by 
the total amount of water available for evaporation (TEW) and the amount of water 
readily available for evaporation (REW). Soil evaporation is estimated on a pseudo-
daily time step calculated according to the actual number of rainy days during a 10 day 
period (NRDi) and the potential evapotranspiration (ETOi): 
TD;= (lO-NRD1) 
NDR; 
(3.3) 
(3.4) 
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where TDi is the average duration of dry spells during the 10 day period, and TLi is the 
number of days to empty REW during the 10 day period. If TLi is less than or equal to 
TDi, then the soil evaporation correction (KEi) is calculated as: 
KEi= 
TEW - (TEW - REW)x 
TDix( E;~i) (3.5) 
where the exponent x is given by 
TEW 
(3.6) x= 
-(TD; -TL;)x(0.7x ETO;)x(l + ( REW )) 
TEW-REW 
Soil water storage is represented according to Baron et al. (1995) and Allen et al. 
(1998), where the storage consists of the soil reservoir in parallel with the root reservoir. 
The soil reservoir defines the amount of Soil Available Water (SAWi) and the root and 
reservoir defines the amount of Crop Available Water (CA Wi). After CA Wi is updated 
(Equation 3.7) the water balance of the two reservoirs (Equations 3.9 and 3.10) and 
deep drainage (Equation 3.8) are written as: 
CAW= (TAW xRDi)I 1000 (3.7) 
DDi = max[O; (SR + RRi + IR - ROi - SAW)] (3.8) 
SRi = min[ SAW; (SR-1 + RRi + IRi - ROi) (3.9) 
CR= min [CAWi; (CRi-1 +RR+ IR-RO;)] (3.10) 
where SRi is the actual soil water storage spell during the 10 day period, and CRi is the 
actual root zone storage spell during the 10 day period. Rainfall (RRi) and irrigation 
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(IRi) are considered as inputs whereas vertical drainage (DDi) and runoff (ROi) are 
considered as outputs of the system. 
CATCHCROP then calculates evapotranspiration components for the 10 day time 
period. Each crop that can be modelled is characterised by a set of parameters defining 
crop growth and evapotranspiration (Doorenboos and Pruitt, 1977; Allen et al., 1998). 
These are: 
• the duration of the initial, development, middle, and end stages of crop growth 
(Lini, Ldev, Lmid, Lend respectively) 
• the initial, middle and final crop coefficients (KCini, KCmid, Kcend) 
• the initial and final root depths (RDini, RDend) 
Intermediate values of the coefficients (KC) are estimated by time-dependent linear 
regressions (Perez et al., 2002). During the initial stage of the crop (Lini) 
(3.11) 
Maximum evapotranspiration (ETMi) is then calculated as 
(3.12) 
with KC being the crop coefficient during the 10 day period. However, the crop 
coefficients used to calculate ETMi do not consider soil fertility effects. The maximum 
evapotranspiration under fertility constraints - or the sub-optimal ET (ETC) - is 
obtained by correcting ETMi according to the estimated level of fertility of the plot (LF) 
using Equation 3 .13: 
(3.13) 
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where KFi is the crop coefficient (KC) scaled according to the level of fertilisation (low 
fertilisation, KCi x 0.5; medium fertilisation, KC x 0.75; full fertilisation, KC x 1.0). 
When the amount of soil water drops below a certain fraction, crops can become water 
stressed. The effect of this stress is described in CATCHCROP by multiplying ETCi by 
the water stress coefficient, KSi (Equation 3.15). KSi is calculated according to 
Equation 16 and depends on P - a crop specific parameter that defines the fraction of 
soil water that a crop can extract without suffering moisture stress. P is a function of the 
evaporation power of the atmosphere (Equation 3 .14 ). 
ETAi = KSi.ETCi (3.14) 
KS;= CR; 
(1-P)xCAW; (3.15) 
P= P+0.04(s-( E~~i)J (3.16) 
The water storages in the soil (SRi) and root (CRi) reservoirs are updated to account for 
evapotranspiration from the stores. 
The quantity of water needed by the crop to transpire at its maximum rate - water 
demand (DEMi) - is defined as the difference between ETC and ETAi. The crop water 
demand is used to determine the required irrigation for the next time step. DEMi is 
taken as 
DEMi = Max(O; (( 1-P)XCA Wi) - CR) (3.17) 
If the crop is to be irrigated and plenty of water is available, then irrigation is equal to 
the crop water demand. Otherwise, water is allocated to land units, in an order specified 
by the user, until the water runs out. 
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Crop yield (YA) is estimated with a linear relation that links the actual yield to the 
evapotranspiration deficit, expressed as the ratio between the cumulative values of ET Ai 
and ETMi during the growing period (Doorenboos and Kassam, 1979). 
YA =YM x(l-KY x(1-( SUMETA )1J 
SUMETM ) 
(3.18) 
where YM is the potential yield of the crop, KY is the water stress coefficient that 
reduces the potential yield, SUMET A is the cumulative value of ET Ai during the 
growing period, and SUMETM is the cumulative value of ETMi during the growing 
period. 
3.2.2 Previous Applications of CATCH CROP 
CATCHCROP has been applied within subcatchments of the Mae Chaem catchment by 
Perez et al. (2002) to validate components of the model. The components concentrated 
upon were the capacity of the model to simulate water balance, and yield response 
accurately. Water balance testing was performed in Mae Mu subcatchment with the aim 
of validating different components of the water balance (RO, DD, and ETA) over the 
wet and dry seasons. To compare hydrologic characteristics, the authors assumed that 
• the wet season starts on April 1 and the dry season commences on November 1 
• wet season cumulative discharge corresponds to the cumulative runoff values 
simulated over the same period, and 
• dry season discharge corresponds to the runoff simulated during the dry season 
plus deep percolation simulated during both seasons. 
Despite these assumptions, the authors noted that the model appeared capable of 
simulating cumulative discharge for the wet season, although it slightly over-estimated 
dry season cumulative flows. 
Chapter 3: Crop Modelling Tools for the Analysis of Land and Water Resources Options 75 
Perez et al. (2002) compared yield estimates obtained for the Mae Uam subcatchment of 
the Mae Chaem catchment with global average yields - local annual yield statistics 
were unavailable. Despite limited data with which to test the model comprehensively, 
the model produced plausible results. 
The work presented by Perez et al. (2002) detailed the model development and provided 
initial evaluation and testing of CATCHCROP in data poor catchments. The 
assumptions made in the initial testing reflect this data scarcity and place limitations on 
the extent of the model evaluation. In particular, the overestimation of dry season flows 
may be due, in part, to the authors' assumptions that dry season flow is from the surface 
runoff estimated during the dry season and from deep percolation in both the wet season 
and dry season. In reality, deep percolation will contribute to the baseflow component 
of wet season flows as well as to dry season flows. Further testing of the CATCHCROP 
model in well monitored catchments, where the contributions of deep percolation to the 
wet and dry season flows can be estimated, is required to further validate and refine the 
model. 
CATCHCROP has been included within CatchScape, an integrated multi-agent model 
for simulating water management at catchment scales (Becu et al., 2001). 
3.2.3 Inclusion of CATCH CROP in the Biophysical Toolbox 
The Mae Chaem is a complicated agricultural catchment in the sense that over 100 
crops have been identified as being grown within the catchment (Scoccimarro et al., 
1999). Not only is the number of crops large, but the characteristics of the types of 
crops grown are varied, ranging from rainfed crops to irrigated crops such as paddy rice, 
and from annual to perennial crops. For purposes of simplification, the crops that will 
be considered in the Biophysical Toolbox in this thesis will be limited to the major 
crops found in the catchment (see Chapter 2). Despite the simplification, the modelling 
exercise still needs to be applicable for a mix of irrigated and rainfed, and annual and 
perennial crops. 
CATCHCROP is a plot-based model where the model is applied over areas considered 
homogenous in terms of soil, crop, and climate properties and inputs. In this thesis, the 
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model is applied on a land unit basis. Within land units, parameters describing soil types 
are kept constant. 
This section provides a preliminary analysis of the sensitivities of the CATCHCROP 
model outputs to model inputs and parameters. Within the Biophysical Toolbox, these 
sensitivities are likely to propagate through the other models, particularly the hydrologic 
model which uses the CATCHCROP model to provide estimates of surface runoff and 
percolation under forested and fallow conditions. The impacts of bunding, fertilisation, 
and irrigation status upon CATCHCROP outputs are presented in Section 3.2.3.1. 
Model parameters, excluding the parameters describing the duration of growth stages, 
were varied individually by increments of 0.1 from 0.1 to 1.9 times the original 
parameter value. The results for this are presented in Section 3.2.3.2. Nominal 
parameters values were taken from Perez et al. (2002) and are detailed in Appendix 4. 
For this work, each model parameter was considered to be independent of one another. 
A more exhaustive sensitivity analysis would be useful in identifying the effect of co-
variation in model parameters on model behaviour. 
3.2.3.1 Sensitivity of CATCH CROP Outputs to Bunding, Fertilisation and 
Irrigation Status 
The influence of management options - concerning bunding, irrigation and fertilisation 
status - was tested by running scenarios which vary management options, but keep 
inputs and model parameters constant (Table 3.3). In the wet season, four land units 
were tested from paddy fields (88, 99) and upland fields (45, 47). In the dry season, 
only land units 88 and 45 were considered. On land unit 88 in the wet season - where 
paddy rice was simulated - the impact of no irrigation on CATCHCROP outputs was 
not tested because paddy rice requires irrigation. Similarly, in the dry season, only 
irrigation was tested because very little rainfall occurs in most dry seasons - insufficient 
to sustain most annual crops. Bunding is not considered for upland land units. A 
description of bunding in the Mae Chaem catchment was provided in Section 2.2.5. 
Bunding. 
Within the CATCHCROP model, the infiltration rate for a given soil type (IS) is set to 
20 mm/day when a plot is bunded to account for increased infiltration due to surface 
water being retained within the plot. Only those land units with low slopes relatively 
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close to the river or irrigation channels are suitable for basin irrigation unless the soil is 
deep and level plots can be constructed. 
Table 3.4 illustrates the impact of bunds on CATCHCROP outputs for land unit 88 
during the wet and dry season and land unit 99 during the wet season. Land units 88 
and 99 are low sloping lands located in close proximity to river channels. If a plot is not 
bordered by bunds, overall infiltration into the soil is reduced and hence the crops have 
greater irrigation requirements. As the estimates of crop water demand (DEM) are 
considerably less than the amount of water available in the stream, the irrigation (IR) 
amount applied is equal to the crop water demand and hence there is little difference in 
the actual evapotranspiration (ETA). Likewise, there is little difference in crop yields 
on bunded and non-bunded plots. As expected, the presence of bunds dramatically 
decreases the amount of surface runoff (RO), as calculated in Equation 3.1 and deep 
drainage (DD) increases as more water infiltrates past the root zone of the crop. 
Irrigation. 
Whether or not a crop is irrigated can have a large impact upon crop yields. In the dry 
season, the ability of farmers to grow second or even third rotations depends largely on 
the amount of water available for irrigation usage. In the crop model, if the crop water 
demand (mm) multiplied by the area of cropping (km2) exceeds stream discharge (ML), 
then the remaining streamflow is allocated to the crop. In the examples in this chapter, 
crop water requirements do not exceed the available water, so water used for irrigation 
is that of the crop water demand, assuming 100% irrigation efficiency. In the wet 
season, irrigation may be required, particularly at the near the start or end of the wet 
season, or for those crops that may require periods of inundation (e.g. paddy rice). Table 
3.5 illustrates the impacts of irrigation status on crops in the wet season on land units 
99, 45, 47. In the wet season of 1990 (defined as 1st April to 31st October), the rainfall 
was sufficient enough that there was not a significant difference in crop yield between 
irrigated and non-irrigated crops. The trends are as expected, however, with increased 
crop demands (DEM) and decreased actual evapotranspiration (ETA) and deep drainage 
(DD) with non-irrigated crops. 
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Table 3.3. Scenarios used to test the sensitivity of the CATCHCROP model outputs to bonding, 
fertilisation and irrigation status. Land unit characteristics are defined in Table 2.8 in Chapter 2. 
Land Scenario 1 Scenario 2 Scenario 3 Scenario 4 
Unit 
Wet Season 
88 100% rice - 100% rice- 100% rice - 100% rice -
irrigated, irrigated, irrigated, irrigated, no 
bunded, half bunded, low bunded, full bunding, half 
fertilisation fertilisation fertilisation fertilisation 
99 100% onion- 100% onion- 100% onion- 100% onion-
irrigated, irrigated, irrigated, irrigated, no 
bunded, full bunded, half bunded, low bunding, full 
fertilisation fertilisation fertilisation fertilisation 
45 50% soybean - 50% soybean - 50% soybean - 50% soybean-
no irrigation, no no irrigation, no no irrigation, no irrigated, no 
bunding, low bunding, half bunding, full bunding, low 
fertilisation fertilisation fertilisation fertilisation 
47 50% cabbage - 50% cabbage - 50% cabbage - 50% cabbage -
no irrigation, no no irrigation, no no irrigation, no irrigated, no 
bunding, half bunding, high bunding, low bunding, half 
fertilisation fertilisation fertilisation fertilisation 
Dry Season 
88 25% soybean - 25% soybean - 25% soybean - 25% soybean -
irrigated, irrigated, irrigated, irrigated, no 
bunded, low bunded, half bunded, full bunding, low 
fertilisation fertilisation fertilisation fertilisation 
45 10% cabbage - 10% cabbage - I 0% cabbage -
irrigated, no irrigated, no irrigated, no --
bunding, half bunding, full bunding, medium 
fertilisation fertilisation fertilisation 
Table 3.4. Impact of bunding status on CATCH CROP outputs 
Q minus IR DEM IR ETA DD RO Yield 
Land unit 88 - wet season 
Bund 14274 456 456 658 833 25 3.54 
No bund 14255 468 468 626 172 750 3.48 
Land unit 88 - dry season 
Bund 3208 219 219 186 21.8 0 1.72 
No bund 3206 224 224 186 7.9 0 1.72 
Land unit 99 - wet season 
Bund 14174 276 276 709 532 104 28.8 
No bund 14127 353 353 674 0 843 28.3 
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Table 3.5. Impact of irrigation status on CATCH CROP outputs in the wet season. 
DEM IR ETA DD RO Yield 
minus 
abstractions 
(ML) (mm) (mm) (mm) (mm) (mm) (tons/ha) 
Land Unit 99 -100% of agricultural area cropped with onion (0.36 kmz) 
Irrigated 14004 276 276 709 532 104 28.8 
Non-irrigated 14174 398 0 667 298 104 26.8 
Land Unit 45 - 50% of agricultural area cropped with soybean (0.18 km2) 
Irrigated 14122 29.6 29.6 425 515 132 1.98 
Non-irrigated 14174 29.6 0 425 485 132 1.98 
Land Unit 47 - 50% of agricultural area cropped with cabbage (0.29 kmz) 
Irrigated 14089 115 115 521 8.2 729 19.0 
Non-irrigated 14174 365 0 480 0.0 729 18.5 
Fertility Status. 
Fertility effects on the maximum evapotranspiration of a crop are currently incorporated 
in CATCHCROP at three levels: low, medium, and high. Table 3.6 shows the effect of 
the fertility level on CATCHCROP outputs for all land unit and crop combinations 
detailed in Table 3.3. The lower the fertility of the plot, the less the crop is able to 
transpire and hence crop water demand (DEM), irrigation (IR), and actual 
evapotranspiration (ET A) all decrease. This decreases the yield of the crop. Fertility 
has no impact on the estimates of deep drainage (DD) and surface runoff (RO) provided 
by CATCHCROP. While the fertility level impacted estimates of yield and ETA, the 
crop parameters that determine DD and RO are not updated to reflect changes in surface 
conditions or crop development (e.g. root depth) over the duration of the growing 
season. CATCHCROP uses relatively simple relationships to estimate RO, RO and 
yield. A more complete description of the biophysical system would allow changes in 
surface conditions and crop water use to fertility levels although would require 
increased input data and model parameterisation. 
3.2.3.2 Sensitivity of CATCHCROP Outputs to Crop and Soil Parameters 
This section investigates the sensitivities of CATCHCROP outputs to crop and soil 
parameters, concentrating on yield, deep drainage, and surface runoff estimates. The 
latter two outputs are used to identify parameters of concern for the hydrologic module 
(see Chapter 6). Parameters are perturbed in increments of 0.1 between 0.1 x the 
parameter and 1. 9 x parameter. The results presented here are for paddy rice grown on 
land unit 88 in the wet season. 
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Table 3.6. Impact of fertilisation level on crop outputs 
Stream flow DEM IR ETA DD RO Yield 
minus 
abstractions 
(ML) (mm) (mm) (mm) (mm) (mm) (tons/ha) 
Land unit 88 - wet season 
Low 14536 286 286 489 833 24.7 2.29 
Medium 14274 456 456 658 833 24.7 3.54 
High 14025 617 617 820 833 24.7 4.72 
Land unit 88 - dry season 
Low 3208 219 219 186 21.8 0 1.72 
Medium 3172 312 312 279 21.8 0 2.36 
High 3138 402 402 369 21.8 0 2.98 
Land unit 99 - wet season 
Low 14013 34 34 418 580 104.2 15.0 
Medium 14487 136 136 566 535 104.2 22.0 
High 14174 276 276 709 532 104.2 28.8 
Land unit 45 - wet season 
Low 14174 29.6 * 425 485 132 1.98 
Medium 14487 49.7 * 551 359 132 2.46 
High 14013 209 * 662 249 132 2.88 
Land unit 45 - dry season 
Low 3128 271 271 246 2.5 0 13.12 
Medium 3194 394 394 368 2.5 0 19.06 
High 3154 514 514 488 2.5 0 24.86 
Land unit 47 - wet season 
Low 14013 103 * 384 22.9 729 14.11 
Medium 14174 369 * 480 0 729 17.5 
High 14487 608 * 512 0 729 18.66 
* non-irrigated crops 
Surface Runoff 
Three parameters define surface runoff estimates in CATCHCROP - CC, CS and IS 
(See Equation 3.1). Only two parameters were shown to influence surface runoff 
calculated within CATCHCROP to a great extent (Figure 3.2). Again, on bunded plots 
IS is given a parameter value of 20 mm/hour and so variations in the soil IS value have 
no impact on runoff. 
Yield. 
Figure 3.3 shows the sensitivity of the yield estimates from CATCH CROP to crop and 
soil parameters. In Figure 3.3a, it can be seen that P - the parameter defining the soil 
water fraction a crop can extract without suffering moisture stress - has little influence 
on yield estimates. In this example, paddy rice is not water stressed and thus P does not 
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influence model outputs. The KY and YM parameters that define the final yield of the 
crop have a linear influence on crop yield, as defined in Equation 3.18. Contrary to this, 
between 0.1 and 0.7 times the original value of the parameter RDend (the final root 
depth) crop yield increases dramatically as root depth increases. Otherwise, final root 
depth has little impact on crop yields. A similar result is seen in response to the values 
of TAW. Figure 3.3b shows the influence of the crop coefficient parameters (KCini, 
KCmid, KCend), the initial root depth (RDini) and the infiltration correction factor due 
to crop management (CC) on yields. The strongest response is seen for the RDini and 
KCini parameters with yield decreasing, with increasing KCini and decreasing RDini. 
Little response is seen in yields with perturbations to KCend, whereas a slight decrease 
in yields is seen between 0.1 and 0.5 times the original value of KCmid after which 
little change occurs until 1. 8 x the original KC mid. Changes to CC do not influence 
yields greatly above 1.8 x the original CC although yield decreases with smaller values 
of CC. Changes in the infiltration parameters (Figure 3.3c - IS, CS, SD) do not have a 
large impact upon yield estimates. 
Deep Drainage. 
Those parameters identified as impacting on deep drainage (DD) are presented 
graphically in Figure 3.4. No effect was seen in deep drainage under paddy rice on land 
unit 88 as a consequence of changes in KCini, KCmid, KY, and YM. As the scenario on 
which the sensitivity analysis was performed considered paddy rice on land unit 88 to 
be cultivated on bunded plots, the IS parameter is set to 20 mm/hour. DD is not very 
sensitive to KCend and RDini or REW [the amount of water readily available for 
evaporation] and TEW [the total amount of water available for evaporation] (Figure 
3.4a). RDend and P influence DD similarly, linearly decreasing from approximately 
1000 mm to less than 700 mm between 0.1 and 1. 9 x the original parameter (Figure 
3.4b). Deep drainage shows a near linear decrease with increasing TAW (Figure 3.4b). 
Deep drainage initially decreases non-linearly with increasing soil depth (SD) before 
decreasing at a steady rate (Figure 3.4b). Deep drainage shows strongly non-linear 
responses to perturbations in the infiltration parameters CC and CS, with a near power 
law response to increases in both parameters (Figure 3.4c). On plots that are not bunded, 
changing the IS parameter will have identical effects to the CC and CS parameters. 
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Figure 3.2. Sensitivity of CATCHCROP estimates of surface runoff to changes to the CC and CS 
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Figure 3.3. Sensitivity of crop yield (tlha) to perturbations in CATCHCROP soil and crop 
parameters. 
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3.3 Synthesis 
The crop model incorporated in the Biophysical Toolbox, CATCHCROP, provides a 
compromise between complex deterministic models with large data requirements and 
overly simplistic empirical relationships. Although CATCHCROP has relatively low 
data requirements compared with many crop models, it does have 13 parameters for 
each crop considered and 6 parameters for each soil type. For many of the model 
parameters it is infeasible to measure the parameter over enough spatial units across the 
catchment to capture spatial heterogeneities within the parameters. It was thus essential 
to develop an understanding of the sensitivities of the model outputs to perturbations in 
the model parameters. This chapter tested the impact of irrigation, fertilisation and 
bunding status on CATCHCROP outputs, and the sensitivities of the CATCHCROP 
estimates of deep drainage (DD), surface runoff (RO), and crop yield to perturbations in 
soil and crop parameters. 
The model behaved as expected when the management - irrigation status, fertilisation 
levels, and whether or not plots within the land unit are bordered by bunds - of the crop 
was varied. For irrigated crops, less irrigation was required with bunds as water is 
retained within the plot. As crop water demand is less than the amount of water 
available for irrigation, significant differences in crop yields were not observed. Non-
irrigated crops generally showed increased crop demands and decreased actual 
evapotranspiration (ETA) and deep drainage (DD) compared with irrigated crops, with 
the exception of land unit 45 where 50% of the available land on the land unit was 
cropped with soybeans. The greater the fertility of the plot, the more the crop is able to 
transpire. Hence, crop water demand and actual evapotranspiration both increase with 
more fertile plots, thus increasing crop yields. Deep drainage estimates in plots that are 
bordered by bunds were considerably greater than in non-bunded plots. DD is estimated 
as a mass balance with inputs being the water in the soil reservoir (SR), rainfall (RR) 
and irrigation (IR), and the outputs being surface runoff (RO) and the soil available 
water (SAW). In the wet season, the actual evapotranspiration in a bunded plot was not 
substantially greater than in non-bunded plots. Hence, the lower runoff volumes in plots 
surrounded by bunds resulted in an increase in the soil water storage (SR). The 
estimates of DD on bunded plots are quite large and need to be validated against 
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measured data to ensure that CATCHCROP estimates are of the correct order of 
magnitude. 
To investigate sensitivities of CATCHCROP outputs to changes in model parameters, 
CATCHCROP was run perturbing one model parameter at a time. Parameters were 
varied between 10% and 190% of the original value of the parameter in 10% 
increments. Table 3.7 describes broadly how changes in model parameters influence 
estimates of crop yield, deep drainage and surface runoff. The model shows that there 
is considerable non-linearity in the response of CATCHCROP outputs to parameter 
values. No consideration was made of interactions between model parameters although 
it is acknowledged that a more detailed sensitivity analysis whereby multiple parameters 
are varied may provide further useful information as to model behaviour. 
In summary, the tests performed in this chapter illustrate that the CATCHCROP model 
is providing sensible outputs in response to changes in management options. Sensitivity 
analysis has provided evidence of those parameters that strongly influence model 
predictions. This has implications for the hydrologic module of the Biophysical 
Toolbox presented in Chapter 6 which uses the CATCHCROP model to estimate 
differences between surface runoff and deep drainage under forested and fallow 
conditions. Those parameters which yield the greatest change in RO and DD for a given 
change in parameter values are the most important for improving the accuracy of 
estimation and for any error propagation through the Biophysical Toolbox. In terms of 
the hydrologic module, the primary parameters are RDend, P, CC, TAW, SD and CS. 
These issues are explicitly dealt with in Chapter 6. Identifying parameters that have 
little impact on any output could allow simplification of the model in the future. Those 
parameters to which model outputs presented in this Chapter were insensitive were 
KCend, IS, TEW and REW. 
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Table 3.7. Trend in yield, deep drainage, and surface runoff estimates with increasing parameter 
values. The range of percentage change in these outputs from those obtained with the nominal 
parameter value is indicated in brackets ( 1' - increase, w -decrease, - - negligible change). 
Parameter Effect upon yield Effect on deep Effect on surface 
drainage estimates runoff estimates 
KCini w (+ 3.4to-14. - (+1.5) -
non-linear 
KC mid w ( + 1. 1 to - 3 .1) - -
near linear 
KCend - (-0.3) - (± 0.7) -
RDini 1' (-5.6 to +2.8) - -
non-linear 
RDend w (-81.9 to +2.0) w (+19.l to 8.0) -
linear linear 
p 
- w (+20.7 to-19.6) -
linear 
cc 1' (-2.3) 1' (-100) ""' ( + 3953) 
non-linear non-linear non-linear 
KY 1' (±37) - -
linear 
YM 1' (±90) - -
linear 
TAW 1' (-94.3) w ( +47.5 to -39.7) -
non-linear near-linear 
TEW - (+2.0) - (-0.1) -
REW - (-0.3) - (+1.2) -
IS* - - -
SD w (+1.7 to-3.9) w ( +42.3 to -23.6) -
near-linear non-linear 
cs 1' (-2.3 to 0.8) 1' (-100 to +2.5) ""'(+4090.3) 
non-linear non-linear non-linear 
Note: * no change to value ofIS on bunded plots 
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4 Erosion Modelling 
Soil erosion by water is a natural landscape forming process involving the detachment 
and transport of soil particles through rainfall detachment and/or overland flow. This 
natural erosion is from the accelerated erosion arising from anthropogenic 
activities such as deforestation, agricultural practices and road construction. The latter 
has been associated with declining agricultural productivity and water quality in much 
of the world. Increasing awareness of the deleterious effects of erosion has instigated a 
large amount of research. The focus of this erosion research can be divided into three 
main groups: the erosion process itself, the effects of erosion (or more correctly soil 
loss) on crop productivity, and the effect of erosion on water quality. Historically, 
much of the research has focussed on the productivity of agricultural lands (Loch and 
Silburn, 1996) although, with increasing awareness of the off-site impacts of sediment 
and associated nutrients on water quality, this is changing. 
This chapter provides a brief literature review of aspects of erosion research before 
describing of the methodology applied in the thesis. The review covers erosion and 
deposition processes, types of erosion, the characteristics of erosion in the humid tropics 
and more specifically Thailand, and erosion prediction models. The chapter concludes 
with an application of the model focussing on the model outputs on a grid basis versus 
land unit scale. 
4.1 Processes of Soil Erosion by Water 
The process of erosion can be described in three stages: detachment, transport and 
deposition. Detachment of sediment from the soil surface was originally, considered to 
be the result of raindrop impact (e.g. Hudson, 1975). Now, however, the importance of 
overland flow as an erosive agent has now been recognised. Rainfall detachment is 
caused by the locally intense shear stresses generated at the soil surface by raindrop 
impact (Loch and Silburn, 1996). Likewise, overland flow causes a shear stress to the 
soil surface which, if it exceeds the cohesive strength of the soil (the critical shear 
stress), results in sediment detachment. In different situations the major processes 
leading to sediment detachment will differ. Rainfall-induced detachment will be the 
dominant process on relatively flat regions of small extent (Rose, 1993). In regions of 
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steep slopes, the critical shear stresses on the soil surface induced by overland flow can 
be to the extent that overland flow is the dominant agent of erosion at work. 
Rose (1993) noted that, in general, more than one of the erosion processes discussed 
above will be active during any erosion event. The dominance of each particular 
process - detachment, transport and deposition - within a catchment is highly complex 
and depends on catchment topography, vegetation and climatic conditions. Thus, 
factors affecting sediment exports vary both spatially and temporally. Consequently, 
predicting the magnitude or sources of sediment loads involves a high level of 
uncertainty. Generally, erosion and hence sediment loads tend to increase with 
decreasing vegetation cover, increasing rainfall intensity, and steeper slope (Finlayson 
and Silburn, 1996). Catchment size strongly influences sediment delivery, with large 
catchments having greater storage capacity such that the sediment yield per unit area 
may be considerably lower than in smaller catchments (Wasson, 1994; Ferro and 
Minacapilli, 1995). Additionally, moving from smaller to larger catchments sees a 
change from hillslope-dominated sediment sources to in-stream sediment sources. 
4.2 Types of Erosion 
4.2.1 Landscape and Agricultural Sources of Erosion (Sheet, Rill, Gully) 
Sheet erosion refers to the uniform detachment and removal of soil or sediment particles 
from the soil surface by overland flow evenly distributed across a slope (Hairsine and 
Rose, 1992). Together with rill erosion, this type of erosion is often classified as 
'overland flow' erosion, only detaching sediment from the soil surface profile. For 
purposes of simplification, the two processes are often considered together in erosion 
modelling. Sheet erosion can be difficult to detect on-site as the surface of the soil is 
lowered by small levels. However, sheet erosion is often considered to be the most 
serious of the erosion types from a productivity viewpoint as this erosion type tends to 
strip nutrients concentrated in the surface layer of the soil. This has the potential to lead 
to decreased productivity and is reflected in the erosion modelling approaches 
incorporated into erosion-productivity models (e.g. EPIC - Williams et al., 1984). 
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Although surface erosion can be relatively uniform across a slope, water more 
commonly finds some preferential flow paths over the soil surface. Rill erosion occurs 
when water moving over the soil surface flows along these preferential pathways 
forming an easily recognisable channel, or rill (Rose, 1993). These rills are generally 
small erosion features and have been defined by Loch and Silburn (1996) as being 'flow 
channels that can be obliterated by tillage'. Rill initiation is controlled by the cohesive 
strength of the soil and the shear forces exerted on the soil. Flow in rills acts as a 
transporting agent for the removal of sediment downslope from rill and interill sources 
although if the shear stress in the rill is high enough, rill flow may also detach 
significant amounts of soil (Nearing et al., 1994). 
Some authors have proposed a classification of erosion termed 'ephemeral gullies' 
which refers to relatively large rills. Runoff leaving a field generally concentrates in a 
few major channels, the profiles of which are often concave such that ephemeral gully 
erosion can occur along the upper reach of the channel and deposition occurs in the 
lower reaches of the channel. This can be as extensive as sheet and rill erosion (Lane et 
al., 1992). 
Gully erosion, in contrast to rill erosion, describes channels of concentrated flow too 
deep to be obliterated by cultivation (Rose, 1993; Loch and Silburn, 1996). Gully flows 
differ from sheet and rill flows in that raindrop impact is not an important factor in 
terms of flow resistance or in sediment particle detachment (Bennett, 1974). Instead, 
gully development is considered to be controlled by thresholds, as with rills, but these 
thresholds are related to slope and catchment area rather than flow erosivities (Loch and 
Silburn, 1996). Two main stages in gully development can be identified (Sidorchuk, 
1999): 
• an initiation period where hydraulic erosion is predominant at the gully bottom 
and rapid mass movement is occurring, followed by 
• a period where stable sediment transport and sedimentation are the mam 
processes occurring at the gully bottom and gully width is increasing due to 
lateral erosion and slow mass movement. 
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Gullies have been identified as potentially contributing large amounts of sediment if 
connected to the river network (e.g. Sidorchuk, 1999). 
These erosion types are influenced by landscape factors as well as rainfall 
characteristics. Loch and Silburn (1996) stated that the development of rill and gully 
erosion requires the concentration of flow and discharges that exceed the critical 
thresholds, and as such will occur as the length of the slope increases. Hence, the 
dominant erosion process would be expected to follow a downslope sequence of splash-
sheet-rill-gully (Loch and Silburn, 1996). As will be discussed in later sections, most 
erosion models tend to predict erosion for one, or at most two, of these erosion types. In 
a catchment-scale modelling exercise, this raises the possibility that in certain areas of 
the catchment the processes considered by the model being used are not truly 
representative of the processes actually occurring in the catchment. 
4.2.2 Road Erosion 
The classification of erosion type into sheet, rill and gully erosion has been widely 
accepted, and used, within the literature. Diemont et al. (1991) used a further category, 
termed morpho-erosion, which included landslides and incising rivers, but also included 
roadside soil losses. These sources of erosion can potentially contribute large levels of 
sediment to the overall sediment load in a river. Erosion from trails has been shown to 
be extensive as well. Wallin and Harden (1996) found that, on average, the ratio of 
runoff to rainfall for on-trail forest sites was 12 times greater than for off-trail forest 
sites at Jatun Sacha, Ecuador, and 40 times greater at La Selva, Costa Rica. 
Roads have been recognised as significantly altering near-surface hydrological response 
in catchments and subsequently having the potential to accelerate soil erosion (Ziegler 
and Giambelluca, 1997b). Consequently, the importance of roads is out of proportion 
with their areal extent within a catchment. Ziegler and Giambelluca ( 1997b) identified 
four distinct features of unpaved roads that can alter streamflow response in 
mountainous catchments: 
• the highly compacted road surfaces and disturbed roadside margins reduce 
infiltration, thereby increasing surface runoff 
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• cutbanks can intercept subsurface flows then re-route it via overland flow 
mechanisms toward the stream channel 
• ditches and culverts capture both subsurface flows and surface runoff and 
channel it more directly to streams 
• erosion gullies, once developed, act similarly to ditches in capturing and re-
routing surface water. 
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These factors act to extend the channel network and tend to deliver stormwater to 
streams rapidly, which can alter the distribution of erosional processes (Ziegler and 
Giambelluca, 1997b). 
Elliot et al. (1995) noted that the processes of erosion from roads are similar to those 
from other land uses although they vary in their significance. A number of factors have 
been identified as important in determining erosion from roads. These include road 
location; road gradient; amount, type and timing of road use; the characteristics of the 
road surface, rainfall amounts and intensities, contributing road drainage areas; ditch 
management practices and the microtopography of the road surface (Reid and Dunne, 
1984; Tysdal et al., 1997; Ziegler and Giambelluca, 1997a; Anderson and Macdonald, 
1998). The degree to which each factor contributes to erosion from a segment of road 
differs between sites and for given conditions. Reid and Dunne (1984), for example, 
identified the overwhelming importance of road use over road length and gradient for a 
catchment on the western slope of the Olympic Mountains in Washington State. 
Anderson and Macdonald (1998), in contrast, considered contributing drainage area and 
road gradient to be of primary importance in erosion from roads on St John, US St. 
Virgin Islands. Regardless of the major factor determining road erosion, it is apparent 
that the contribution of road erosion to the overall sediment yield from a catchment has 
the potential to be considerable. 
4.3 Characteristics of Erosion in the Humid Tropics 
Although many of the erosional processes that operate in temperate regions also operate 
in humid regions, the dominant processes differ significantly between climatic regions. 
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Froehlich and Starkel (1995) noted that the mountain slope and river channels of 
temperate regions, and of the humid tropics, are characterised by different extreme 
rainfall patterns and different mechanisms of sediment mobilisation, transfer and 
storage. Despite the common features of mountainous regions (steep slopes, surplus 
water, and accelerated runoff and sediment load downstream) there can be quite 
substantial differences in erosion processes between climatic regimes, and potentially 
large differences in erosion rates. For example, the overall rate of soil erosion for Asia 
far exceeds that of any other countries (Chang, 1993). Differences have been noted in 
the dominance of erosion types between humid tropics and elsewhere. In these regions, 
erosion through mass movement such as landslides can be large. This will not be 
discussed in great detail in this review, but should be noted as a potential source of 
sediment. 
Rains in the humid regions have been noted to be more erosive than temperate rains due 
to the high rainfall intensities that commonly occur during storm events (e.g. Lal, 1975; 
Chang, 1993). In the entire humid tropics, the number of thunderstorm days exceeds 30 
per year, and in Bangladesh, southern Burma, southern Thailand, Malaysia, and the 
western part of Indonesia this increases to more than 60 thunderstorm days per year 
(Chang, 1993). In these situations, the potential for the generation of overland flow, 
when rainfall intensity exceeds the infiltration capacity of tropical soils, is extreme. 
This excess runoff has been identified as a dominant source of erosion in humid regions, 
particularly on steeplands, in addition to transporting eroded sediment (Yu and Rose, 
1999). Proffitt and Rose (1991) estimated that flow driven erosion processes becomes 
the dominant process in terms of contribution to the total erosion budget when the 
stream power exceeds approximately 0.1 W m-2• When this is exceeded, raindrop 
impact is a minor contributor to soil erosion. Thus, for a slope length of 10 m and an 
average peak runoff rate of 50 mm/hr the threshold translates into a critical slope of 7%. 
Given that much of the humid tropics have slopes steeper than this and that runoff rates 
can be extremely high, it would be expected that the major erosive agent in these 
regions would be overland flow. 
In addition to the difference in relative importance of erosion processes between the 
humid and temperate regions, which highlights the potential severity of erosion in the 
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humid zone, much of the region is also under increasing pressure from anthropogenic 
sources. Yu and Rose (1999) noted that, with urbanisation and population growth in 
rural areas, farming on steeplands has continued to increase in recent years, especially 
in developing regions of south-east Asia. Steeplands are and have been identified as 
being highly prone to erosion (e.g. Turkelboom et al., 1997; Yu and Rose, 1999). 
Traditional shifting cultivation practices of long rotation systems have, in many areas, 
been converted to more intensive, shorter rotation systems, thus presenting increased 
problems with weed, soil fertility and soil erosion (Syers et al., 1996; Turkelboom et al., 
1997). In traditional shifting cultivation systems, soil loss is generally very small as the 
roots of the fallow vegetation binds the soil together and help limit erosion. The change 
in land use to alternate and more intensive cropping systems has led to accelerated rates 
of erosion. 
Recently, there has been a change in thought from the viewpoint that accelerated 
sediment loads have arisen from land use change, such as deforestation, to one which 
holds that the sediment has been generated from sources such as roads and not from 
fields to the same extent. Diemont et al., (1991) argued that high sediment river loads 
in Java were caused by geologically induced erosion, erosion from roads, and the 
'ngaguguntur' phenomenon in irrigated rice fields - a term used to describe where 
running water in a man-made canal is used to remove and transport surplus soil, thus 
leading to accelerated hillslope retreat. Likewise, Alford (1992) noted that there was no 
empirical substantiation for the hypothesis that land use practices have contributed to an 
increase in the sediment load of rivers in the mountain watersheds of northern Thailand. 
At present, the relative contributions of road erosion and erosion arising from land use 
change to overall sediment loads is not clear and requires further research. 
In summary, erosion m humid regions can largely be attributed to the timing and 
amount of rainfall, the importance of overland flow and slope, and changes in land uses 
and land management practices arising from increasing population pressures. 
4.4 Extent and Types of Erosion in Thailand 
Accelerated soil erosion in the highland regions of Thailand as a result of increasing 
intensities of land use has long been seen as a serious problem (Lal, 1975; Liengsakul et 
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al., 1993). Lal (1975) identified that the most serious erosion problems are in the 
northern highland region because of the rainfall patterns and landforms. The hills of 
northern Thailand are rugged, with steep slopes and soils that are exposed to an erosive 
monsoonal climate for seven months of the year (Turkelboom et al., 1997). These lands 
are highly prone to erosion, under agricultural fields. The National Research Council 
(NRC) of Thailand developed actual erosion (AE) classes for the whole of Thailand 
based on the US Department of Agriculture classification, predicting that there were 
extensive land areas susceptible to moderate to severe erosion in the Mae Chaem, Mae 
Khan, and Mae Klang catchments (Table 4.1). 
Table 4.1. Actual soil erosion (AE) classes and ratings for Thailand (NRC, 1997). Area(%) of the 
Mae Chaem, Mae Kan and Mae Klang subcatchments (in the Chiang Mai Province) is provided. 
AE Classes Soil Loss (tlha) Area(%) 
Very slight to slight 0 - 31 94.12 
Moderate 31.1 - 125.0 5.17 
Severe to very severe > 125 0.11 
Water bodies and urban/settlement/industry -- 0.6 
Traditional shifting cultivation practices at low densities have been identified by many 
authors as not severely accelerating soil erosion (e.g. Lal, 1975; Liengsakul et al., 1993; 
Turkelboom et al., 1997). With increasing hilltribe populations, however, the traditional 
system of cultivation has become more intensive with the length of the cultivation 
period decreasing and the period of regeneration becoming shorter (Liengsakul et al., 
1993). Hussain and Doane (1995) noted that, for north-east Thailand, there has tended 
to be a decrease in the period of fallow (that is, the recovery of the land) from 10-15 
years to 3-4 years. Consequently, the structure and fertility of highland soils, already 
sensitive to erosion, has declined - reducing production potentials and accelerating the 
risk of erosion. Additionally, there has been movement from a system of local 
production for subsistence towards one that promotes expanded production and private 
accumulation of wealth (Hussain and Doane, 1995). This has increased the pressure on 
the highland soils. 
4.4.1 IAnd Use Impacts upon Erosion 
Accelerated erosion has been identified as a problem in northern Thailand, extensive 
efforts to quantify the amount of erosion under given land uses have been made as part 
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of the process of determining a solution. Some of these erosion estimates and 
classifications for Thailand are summarised in Tables 4.2-4.7. These have included 
projects run by government agencies in Thailand (e.g. the Land Development 
Department) and international agencies. The Australian Centre for International 
Agricultural Research (ACIAR) funded two collaborative projects with institutions in 
south-east Asia with field sites in Malaysia, Thailand, the Philippines and Australia 
(Coughlan and Rose, 1997). Table 4.2 shows the measured average annual soil loss and 
sediment concentrations for the Thailand sites in the ACIAR project, indicating the 
effect of different cultivation practices on erosion. The complexity of the erosion 
process is shown by comparing the two plot sites which have different soil types, 
rainfall, and slopes. 
Table 4.2. Average annual soil loss and sediment concentrations from ACIAR plot at Khon Kaen 
and Nan, Thailand (uses data over 3 year period for Khon Kaen and 1 year for Nan) (Coughlan 
and Rose, 1997). 
Site Treatments Average Annual 
Soil Loss (t/ha) Sed. Cone. (kg/m 3) 
Khon Kaen, loamy Bare Plot 48 12.9 
sand, 4% slope, ave. Cultivation up and 2.8 1.8 
. annual rainfall = 913 downslope 
mm Cultivation across 1.0 0.9 
slope 
Nan, clay, ave. slope Bare Plot 7.2 17.1 
""'30%, annual ave. Clean cultivation 0.6 6.0 
rainfall= 1886 mm farmers practice 
Tephrosia 0.4 4.0 
hedgerows 
Natural vegetation Trace --
Sumrit et al. (1993) classified erosion in Thailand into five soil erosion categories 
(Table 4.3) and summarised the land uses observed in each of the categories. While 
most of the country fits into the slight and very slight categories, a large area of the 
country still has considerable erosion problems. Note that this classification scheme 
differs slightly from that presented in Table 4.1 and the areas differ considerably. Most 
of this land is associated with field crops and horticultural practices. Although the 
authors do not split the land into lowlands and highlands, some inferences can be made 
from looking at the land uses. Paddy, situated on lowlands, is usually associated with 
low levels of erosion, while shifting cultivation generally occurs in the steeper slopes. 
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Table 4.3 provides an indication of the land uses that pose the greater risk of erosion. 
However, this needs to be related to position within the landscape to be of real use for 
identifying erosion 'hotspots'. 
Table 4.3. Soil erosion in Thailand (Sumrit, 1993). The proportional area of each erosion category 
is indicated in parentheses. 
Categories Soil Area (ha) Land Use 
(tonnes/ha/year) 
Very slight 0.06-0.63 18995518 (0.37) Forest, paddy 
Light 6.3 - 31.3 14444188 (0.28) Forest, rubber, orchards, 
paddy 
Moderate 31.3 - 125.1 4145969 (0.08) Rubber, orchards, field crops, 
forest + field crops 
Severe 125. l - 625.1 6819308 (0.13) Rubber, orchards, field crops, 
forest + field crops, shifting 
cultivation 
Very severe 625.l -6042 6265134 (0.12) Field crops, forest + shifting 
cultivation field crops 
Others -- 729882 (0.01) Coastal area, mangrove 
forest, shrimp farms, etc. 
With increasing land use pressure and rising populations in the highlands of Thailand, 
an expansion of road networks is to be expected (Ziegler and Giambelluca, l 997a). 
Hence, erosion generated from roads is likely to be of increasing importance in its 
contribution to the total eroded sediment leaving a catchment. There has been little 
research into the extent of road erosion in Thailand, but those studies that have 
considered erosion caused by roads has indicated that they have the potential to 
contribute significantly to the total sediment budget of a catchment (see Tables 4.4 and 
4.5). Ziegler et al. (2000) highlighted, using rainfall simulation experiments, the 
propensity of roads to produce large amounts of sediment with a mean time to runoff of 
the order of one minute for an average simulated intensity of between 100 and 110 mm 
h- 1• Within the study site - Pang Khun village, in the Sameong District of Chiang Mai 
Province, located approximately 60 km NNW of Chiang Mai - roads comprise less than 
0.25% of the area. Despite this, the authors noted that observations during the rainy 
season indicated roads were important sediment source areas, particularly at the 
beginning of the wet season when accumulated fine sediment is flushed during the first 
few storm events. Ziegler and Giambelluca ( l 997b ), when simulating the generation of 
excess rainfall (R1) on road and non-road surfaces, found that the lowest maximum 
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rainfall intensity for an event producing excess rainfall on agricultural or secondary 
vegetation and forest was 49 mm/hour compared with 4.6 mm/hour for roads. 
Table 4.4. Sediments from four different sources and their contributions to total sediment yield in a 
318 ha catchment in northern Thailand (Kraayenhagen, 1981 [cited in Enters, 1995]). 
Erosion Source Length! Contribution to Total Sediment 
Area yield(%) 
Irrigated rice field 10 ha 0.5 
Abandoned swiddens and forest 300ha 7.6 
areas 
Riverine erosion 0.02 ha 57.0 
Road erosion 2km 34.9 
Table 4.5. Mean time to runoff (TTRO), normalised discharge (QTrao) and normalised total 
sediment output (SEDEVENT) for rainfall simulation experiments (Ziegler et al, 2000). 
Treatment n TTRO (min) QrrRO (LJ1) SEDEVENT (g J 1 ) 
50 m road section 8 1.1±0.3 0.0056 ± 0.01 1.42 ± 0.65 
Hoed upland in rice field 1 57.8 0.008 0.14 
Burned/ path in upland 7 20.3 ± 8.5 0.011 ± 0.003 0.05 ± 0.02 
rice field 
New path in upland rice 4 34.1±12.8 0.005 ± 0.002 0.15 ± 0.09 
field 
4.4.2 Conservation Practices 
Conservation, or erosion mitigation, on areas of land lowers rates of erosion compared 
with land without mitigation (Table 4.6). This is generally achieved by reducing the 
runoff rate either by engineering structures (e.g. ditches, terraces) or by using strips of 
vegetation that capture water and eroded sediment (e.g. alley cropping). Any modelling 
approach needs to account for management practices. The approach employed in the 
Biophysical Toolbox accounts for management practices such as contour cropping, strip 
cropping around contours, and terracing. 
4.4.3 Processes 
Topography in the highland regions of northern Thailand strongly influences rates of 
erosion, as indicated in Table 4. 7. Turkelboom and Trebuil ( 1998) showed the 
relationship between slope angle and slope length and soil loss and erosional features, 
defining under what range of slope angles and slope lengths resulted in rill networks 
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being observed as opposed to what the authors termed 'plough layer' erosion -
ephemeral gullies. 
Table 4.6. Erosion rate under different erosion control measures (compiled from the data of TA-
HASD, DLD/TG-HDP and DLD/IBSRAM (Ongprasert and Turkelboom, 1995). 
Cropping Packages Median Erosion Median Runoff Rates No. of Data 
Rates (tlhalyr) (%of annual rain) Points 
'Traditional Package' 60 11 91 
AC with Grass Strips 0.4 2 128 
AC withNFT 4.4 2 71 
Hedgerows 
Hillside Ditches 13 10 12 
Bench Terraces 01 1 35 
Table 4.7. Relationship between calculated soil losses and observed erosion features, Pakha, Chiang 
Rai Province, northern Thailand (Turkelboom and Trebuil, 1998). 
Slope Length Slope Angle (%) 
>57% 47-57% <47%<47% 
>25m Plough layer erosion Plough layer erosion Rill network (max. 
: high risk (max. 350 : medium risk (max. 61 t/ha/crop) 
t/ha/crop) 270 t/ha/crop) 
<25m Rill network (max. Rill network (max. Rill network (max. 
64 t/ha/crop) 20 t/ha/crop) 10 t/ha/crop) 
4.5 Erosion Prediction 
4.5.1 Erosion Simulation 
Erosion models have the potential to quantify information regarding the processes 
involved and also to identify potential sources of erosion within a catchment. Nearing 
et al. ( 1994) identified three applications for modelling erosion: 
• for assessmg soil loss for conservation planning, project planning, soil 
erosion inventories, and regulation 
• predicting when and where erosion is likely to occur, and 
• for use as research tools for understanding erosion processes and their 
interactions. 
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Given the constraints on wide-scale field measurements commonly encountered (e.g. 
money, time, and resources) erosion models can provide a viable alternative for 
assessing erosion under controllable and uncontrollable conditions. Erosion models are 
now widely used, either on their own or in conjunction with other models, by 
government agencies or landowners for the identification of potential sources of erosion 
as well as by research groups. The demand for erosion models has led the development 
of to a wide range of models, some of which are summarised in Table 4.8. These 
models vary, amongst other things, in the processes they consider and the detail to 
which the processes are considered. The most appropriate model for application to a 
site depends on the characteristics of the site (e.g. erosion processes, scale) and the 
intended use of the model. Erosion models are generally classified as empirical, 
conceptual or physics based - the classification system detailed in Chapter 1. 
A number of approaches to modelling erosion exist, based usually on the erosion type or 
processes focussed upon. Often, erosion models can be classified as focussing on 
overland flow, (sheet and rill), gully or in-stream erosion. Rarely does a model have the 
capacity to deal with two or more of these erosion types. For example, the USLE 
(Wischmeier and Smith, 1978) and WEPP (Laflen et al., 1991) hillslope and small 
catchment models have been designed to study erosion in situations of overland flow 
and are unsuitable outside of these conditions. This raises the issue of variations in 
model accuracy for catchment (or even hills lope) applications where there may be 
transitions between source of erosion. Additionally, Hairsine and Rose (1992) noted that 
in past literature, soil erosion processes occurring during overland flow were considered 
to be very similar to those occurring during stream-bed erosion, and subsequently 
sediment transport equations derived for deep flow conditions have been used to 
describe the movement of sediment in the shallow flows characteristic of soil erosion on 
the field scale. Hairsine and Rose (1992) then identified differences between the two 
erosion types in terms of the sedimentary material and the processes at work. In the 
field scale (a) the sediment is usually cohesive, having both inter-aggregate and 
interparticle strength, (b) soils are commonly composed of a wide range of aggregate 
and particle sizes, and ( c) shallow surface flows that occur at field scales are influenced 
by the impact of raindrops on both the shallow water layer and the exposed soil surface. 
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Given these differences, it is not necessarily appropriate to transfer these transport 
equations directly into models developed for the prediction of overland flow erosion. 
Although the importance of road (and trail) erosion in terms of contribution to total 
sediment yield has been widely acknowledged (e.g. Douglas et al., 1993; Wallin and 
Harden, 1996), there is relatively little literature available regarding the prediction and 
simulation of road erosion either on its own or incorporated into catchment-scale soil 
erosion models. Much of the work on modelling road erosion has focussed on the 
development of empirical relationships (e.g. Reid and Dunne, 1984; Anderson and 
Macdonald, 1998). Other than these empirical methods, there has been limited 
application of other model types to predicting road erosion. Perhaps the most familiar is 
the extension of the WEPP model to predict road erosion. The physics based 
KINEROS2 model has been applied to unpaved mountain roads in northern Thailand to 
simulate total discharge, sediment transport and sediment concentration on small-scale 
road plots (Ziegler et al., 2001). 
The range of erosion models presented in Table 4.8 represents only a small sample of 
the existing in the literature, all of which cover a large scale of complexities, data 
requirements and processes. Identifying the most appropriate model for use requires 
consideration of catchment characteristics and the desired outputs of the model. More 
specifically, factors such as model complexity, accuracy and validity of the model, 
model assumptions, the spatial and temporal variation of model inputs and outputs, and 
the objectives of model user(s), including the scale at which model outputs are required, 
require attention to ensure reliable outcomes of the modelling process. These issues 
have been addressed in Chapter 1 and are addressed in Section 4.6 when justifying the 
use of a modified USLE approach. 
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Table 4.8. Some Erosion and Sediment Transport Models (classifications are based upon the main processes modelled). 
Model Type Scale Output Event! Non Spatially Comments 
event distributed 
CREAMS Physical field size Erosion, deposition, Event no catchment assumed to be uniform in soils, topography 
40 - 400 ha transport (slope to and land-use 
2nd order channels) 
EPIC Conceptual field size, nutrients, sediments, Event no weather, soils and management considered 
<250 acres runoff, pesticides, homogenous; considers N, P, pesticides, sediment; 
(usually plant growth USLE based (ie sheet erosion) 
approx. 1 ha) 
EUROSEM/LISEM Physical catchment runoff, sediment yield Event yes Does not model erosion in rills and gullies. 
GUEST Physical field Soil loss predictions Event - Sheet and rill erosion 
PERFECT Physical field Runoff, erosion, crop Event - Incorporates a crop growth simulation module 
yield 
Reid and Dunne Empirical Road segment Sediment Non-event no Relates concentration to discharge, road segment 
(1984) concentration length, gradient, and road type 
Sukresno (1993) Empirical catchment Sediment yield Annual no Relates annual sediment yield to overland flow erosion 
[cited in Agus et al., (USLE adjusted by delivery ratio), gully erosion, stream 
1998] bank, road side and other forms of erosion in Indonesia. 
USLE/RUSLE/ Empirical/ hill slope Average annual soil Non-event No (can model Many modifications of the original model (MUSLE, 
MUSLE/ USLE-M Conceptual loss due to rainfall (modified spatial variation USLE-M). Model has also been revised to include new 
versions when considered information (RUSLE). This revised USLE has been 
maybe in grid) implemented locally in the SOILOSS model. Does not 
event based) model gully or in-stream erosion. 
WEPP hillslope Physical hillslope runoff, sediment both Yes Does not account for gully erosion or mass movement 
model characteristics, form 
of sediment loss 
WEPP watershed Physical hillslope runoff, sediment both Yes Watershed model comprises hillslope model with 
model characteristics, form channel erosion component, impoundment component, 
of sediment loss and irrigation component. 
Chapter 4: Erosion Modelling 102 
4.5.2 Erosion Prediction in Mae Chaem Catchment 
This thesis considers only sheet erosion from agricultural fields and forested areas. 
Anecdotal evidence and personal field surveying in subcatchments of the Mae Chaem 
suggests that gully erosion and mass movement processes are not a dominant feature of 
the study areas. Roads have the potential to contribute large amounts of erosion, as 
identified by Ziegler and Giambelluca (1997a) and others. Data and time constraints 
limited the consideration of roads as sources. Thus, the only erosion source considered 
was sheet erosion. The Biophysical Toolbox could, however, easily incorporate a tool 
capable of predicting sediment sources from roads. 
Sheet eros10n is estimated usrng a Universal Soil Loss Equation (USLE) based 
approach, modified to suit conditions typical of the northern Thailand highlands. The 
model is easy to implement and has proved capable of being incorporated into more 
integrated models or decision support systems. A review of the USLE is provided in 
Appendix 5. Although the USLE has a number of limitations, the data availability 
within the subcatchments used in this study is such that is inappropriate to use more 
data intensive erosion models. The model's main strength is that it can be used to 
develop indicators of potential erosion across catchments in relation to rainfall and land 
cover scenarios. The USLE approach is also widely used by the Land Development 
Department (LDD) in Thailand for land use planning. The LDD is a primary target user 
for the Biophysical Toolbox and the IWRAM-DSS as a whole. The model is applicable 
at a scale required by government agencies such as the Land Development Department 
(LDD). Currently, few conceptual or physics based models are capable of providing 
estimates of erosion or sediment generation at catchment scales. Those that do exist 
generally require a large amount of data with which to drive the model and verify model 
performance, which is the reason given in the literature for why most erosion and 
sediment delivery prediction at the catchment scale are based on empirical relationships 
(e.g. Prosser et al., 2001). Whilst there is a need to develop simple, more physically 
based predictions of spatial patterns of erosion and sediment transport, this is not the 
purpose of this thesis. The USLE can be used to provide spatial estimates of annual 
erosion and is of low complexity. A major advantage of the technique is that explicit 
consideration is given to crop type and management practices (within the C and P 
factors) - an essential requirement for scenarios of land and water management. 
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Gross erosion estimates for each land unit type within a catchment are calculated using 
a Universal Soil Loss Equation (USLE) modified to suit conditions in northern 
Thailand. Annual soil loss, A, is calculated as 
A(in tons/ha/year)= RxKXLSXCxP (4.1) 
where R is rainfall erosivity, K is soil erodibility, LS is the topographic factor, C is the 
cropping factor and P is a management practice factor. 
Rainfall erosivity is calculated according by the equation developed by El-Swaify et al. 
(1987) as 
R(in tons/ha/year)= 38.5 + 0.35(p) (4.2) 
where p is annual precipitation. This equation has been applied in Thailand (Liengsakul 
et al., 1993; NRC, 1997) and is more likely than the Eho index presented in Wischmeier 
and Smith (1978) to reflect rainfall erosivity in tropical climates. 
The Land Development Department in Thailand provided values (Table 4.9) of the soil 
erodibility factor, K, for the each of the land units mapped within the subcatchments of 
the Mae Chaem (Figure 2.13 in Chapter 2). Within each land unit, the soil erodibility 
was assumed to be homogenous. 
Table 4.9. K factors for the Mae Chaem catchment (provided by LDD, May 2000) 
Land Unit(s) Texture Kfactor 
6, 8, 10 Loamy + gravel 0.25 
12 Loamy 0.25 
23,25 Loamy 0.27 
27 Clayey + gravel 0.27 
45,47,49 Clayey 0.24 
46,48,50,55, 35, 37 Clayey + gravel 0.22 
88,99 Clayey 0.17 
Slope, in degrees, in the Mae Chaem catchment ranges from 0° to 78° (Table 2.5 in 
Chapter 2). Consequently, the Wischmeier and Smith (1978) equation, which was 
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developed for slopes of 3-18%, needs to be adapted to be used in slopes outside this 
range. The topographic factor (LS) is calculated using the Wischmeier and Smith 
(1978) equation for slopes less than or equal to 8%: 
LS= [(length(m))/22.13)°" 5} x (0.065 + 0.0456(slope)) + 0.0065(slope/ (4.3) 
and the Hellden (1987) equation for slopes greater than 8%: 
LS= (0.799 + O.OJOJ(length(m))) x (0.344 + 0.0798(slope)) (4.4) 
where slope length is defined as the distance from the point of origin of overland flow 
to the point where either the slope gradient decreases enough that deposition begins, or 
runoff water enters a well defined channel (Wischmeier and Smith, 1978). This has 
been used in a number of erosion studies in northern Thailand (e.g. Funnpheng et al., 
1991; NRC, 1997). 
Values of the support practices factor, P, were provided by the (LDD) for a number of 
management practices on different slope classes (Table 4.10). Under advice from 
Kamrom Saifuk (Land Development Department, Bangkok) P is set to 0.1 on bunded 
plots. 
Table 4.10. Support practices factors (P) for Thailand (provided by LDD, November 2000) 
Slope(%) P factor 
None Contour Strip 'Arable' Bench 
Cultivation Cropping Land Terrace 
Around Terrace 
Contours 
0-2 1.0 0.6 0.3 0.4 0.12 
2-7 1.0 0.5 0.25 0.5 0.1 
7-12 1.0 0.6 0.3 0.6 0.12 
12-18 1.0 0.8 0.4 0.8 0.16 
18-24 1.0 0.9 0.45 0.9 0.18 
24-100 1.0 1 0.5 1 0.19 
Crop management factors (C) were provided by the Land Development Department in 
Thailand for a large number of individual crops in addition to mixed farming systems 
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(See Appendix 6). Table 4.11 shows the crop management factors for selected crops 
used in this thesis. Under advice from Kamrom Saifuk (Land Development Department, 
Bangkok) C is set to 0.001 on bunded plots. 
Table 4.11. Crop management factors (provided by DLD, November 1999) 
Crop Management Factor (C) 
Paddy rice 0.28 
Upland rice 0.7 
Soybean 0.421 
Groundnut (peanut) 0.406 
Maize (grain) 0.28 
Maize (forage) 0.1 
Cabbage 0.6 
Potato 0.6 
Onion 0.34 
Temperate fruit trees 0.3 
Tropical fruit trees 0.15 
Fallow 0.09 
Forest 0.001 
As a departure from the standard application of USLE on an annual basis, the equation 
was applied separately for both the wet (April to November) and dry (December to 
March) seasons. This was done to allow for the running of scenarios affecting cropping 
patterns during the wet and/or dry season. 
USLE has been used over a range of scales from small plots, from which the original 
equations were developed, to large scale projects to determine soil erosion hazard 
within a catchment. Over large scales, the area to which the model is applied is broken 
into segments in which the USLE factors are, or are assumed to be, uniform. For 
example, the Agricultural Non-Point Source (AGNPS) model, which uses USLE to 
predict erosion, uses a grid cell representation of the catchment with a cell resolution of 
0.4 to 16 hectares. Other large scale applications of USLE have effectively broken the 
catchment down into a Potential Soil Erosion (PE) map by overlaying soil maps with 
topographic maps to obtain the erosion susceptibility (KLS) (e.g. NRC, 1997). 
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4.5.3 Application to Subcatchments of the Mae Chaem 
In the Biophysical Toolbox presented in Chapter 7, the USLE is applied to each land 
unit type in the study catchment. The remainder of this chapter investigates the 
performance of the USLE on a land unit basis (as opposed to a grid-based approach) 
and using different representations of the equations describing the LS and R factors. 
Section 4.5.3.1 discusses the advantages and disadvantages of such an approach over 
the traditional grid-based approach of applying the USLE to catchments. This is to 
validate, or disqualify, the decision to apply the USLE on a land unit basis. A number of 
equations have been developed within Thailand and elsewhere for application in steeply 
sloping lands. Sections 4.5.3.2 and 4.5.3.3 investigates the impact using different 
equations for determining the R factor and LS factor respectively on estimates of 
potential soil loss within the Wat Chan subcatchment of the Mae Chaem. 
4.5.3.1 A Grid Versus Land Unit Approach 
In the Biophysical Toolbox, the USLE is applied to the land unit type within the 
catchment using mean factors. This section briefly addresses the validity of this 
application by comparing the non-anthropogenic factors of the USLE (rainfall erosivity, 
soil erodibility and the topographic factor) using a grid-based approach aggregated to 
the land unit with application of USLE to the land unit using average annual rainfall and 
mean LS factor for each land unit. 
The topographic factor, LS, was calculated according to Equations 4.3 and 4.4 using the 
methodology of Van Remortel et al. (2001) to calculate the slope length and slope angle 
using digital elevation data. Steeper, longer slopes produce higher overland flow 
velocities, although soil loss is much more sensitive to changes in slope angle than to 
changes in slope length. The Van Remortel et al. (2001) procedure corrects slope length 
for horizontal projection - useful in GIS, where slope lengths are measured from grid 
cells or maps (x,y) instead of in the field (x,y,z). The code calculates slope length from 
high points towards low points and uses a slope cutoff factor - a value between 0 and 1 
- to define the end of the slope length. The factor is the relative change in slope that 
will cause the slope length cumulation to end and start over with the next downslope 
cell. A high factor value will cause the slope length cumulation to end more easily than 
a small factor value - that is, a smaller slope differential between cells is required to end 
cumulation when using a factor of 0.7 versus using a factor of 0.5 (Van Remortel et al., 
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2001). The authors suggested a slope cutoff factor of 0.7 for slopes less than 5% and 0.5 
for slopes greater than or equal to 5%. Figure 4.1 is a map of the LS factor for the Wat 
Chan subcatchment derived using this means of determining slope length and slope 
angle and Equations 4.3 and 4.4. Whether these cutoff values are likely to be suitable 
for the extremely steep slopes the Mae Chaem catchment is unclear. As a test, the code 
was modified to incorporate the following cutoff factors: 
• 0.7 for slopes less than 5% 
• 0.5 for slopes greater or equal to 5% and less than 15% 
• 0.3 for slopes greater or equal to 15% and less than 35%, and 
• 0.1 for slopes greater than 35%. 
Figure 4.2 shows a map of LS factors produced using these cutoff values. The LS 
values do not dramatically differ between Figures 4.1 and 4.2. As such, the cutoff 
values proposed by Van Remortel et al. (2001) were used. Ideally, this should be tested 
further for the Mae Chaem catchment. For the purposes of this thesis, the LS factors are 
sufficient to provide an understanding of how the Biophysical Toolbox outputs change 
with new scenarios. 
The mean topographic (LS) factor for each land unit and mean subcatchment rainfall 
are inputs into the Biophysical Toolbox. This raises questions of whether or not there is 
much difference, in terms of outputs, between calculating soil loss for a land unit in this 
manner or on a grid basis, and then finding the average of the erosion on a land unit. To 
investigate this, the susceptibility component of the USLE - that is, the RKLS term -
was calculated using (a) a grid-based approach utilising the rainfall surfaces produced in 
Chapter 3, the LS factor grid determined by using the Van Remortel et al. (2001) 
methodology for calculating slope angle and slope length and equations 4.3 and 4.4, and 
a grid of K factors; and (b) the lumped approach described previously. Soil erodibility 
(K) factors are assumed to be spatially uniform within land units and are also 
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considered to be temporally uniform. Rainfall erosivity (R) in the lumped approach is 
calculated using the average catchment estimate of mean annual rainfall. 
Table 4.12 shows land unit estimates of the RKLS term calculated using the grid and 
lumped approaches. Generally, using lumped inputs gave slightly higher values 
although similar patterns are seen between land units. Given that the Biophysical 
Toolbox is only concerned with mean erosion rates for each land unit within a node or 
subcatchment, there seems limited value in incorporating a grid-based approach and 
GIS functionality when using lumped inputs resulted in such similar estimates. The 
integration of increased GIS functionality with the lumped hydrologic model and the 
crop models would also complicate the toolbox in terms of computing requirements. 
On the other hand, allocating the crops spatially within a land unit for a new scenario is 
problematic and some rules are required for this allocation. If there is a need, or desire, 
to move toward a fully distributed approach in future applications of the IWRAM-DSS, 
then this could be re-visited. 
2 0 2 8 Kilometers 
- 0-2 
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D 10-12 
CJ13-14 
CJ15-17 
Figure 4.1. LS factor using Van Remortel et al. (2001) methodology for calculating downhill slope 
and slope length and the LS equations in Equations 4.3 and 4.4 (min. - 0, mean - 2.49, max. - 17) . 
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Figure 4.2. LS factor using additional cutoff thresholds for steeper slopes and LS equations in 
Equation's 4.3 and 4.4 (min. - 0, mean - 2.34, max. - 12). 
Table 4.12. Land unit estimates of the erosion susceptibility component of the USLE (the RKLS 
term) using a grid-based approach and an approach using lumped rainfall and LS inputs. 
Land Unit RKLS 
Grid Based Approach Lumped Inputs 
99 125 129 
50 269 269 
49 357 370 
48 217 214 
47 303 312 
45 177 180 
27 268 276 
25 237 242 
23 205 210 
4.5.3.2 Sensitivity of Gross Erosion Estimates to the Rainfall Erosivity Equations 
A number of rainfall erosivity equations have been developed and/or applied. The 
estimate of erosion is potentially sensitive to the different equations in Thailand. In 
Chapter 7, Equation 4.2 is applied to estimate rainfall erosivity. Some rainfall erosivity 
equations that have been applied to erosion studies in northern Thailand are presented in 
Table 4.13. The different equations in Table 4.13 potentially impact significantly upon 
erosion estimates, as indicated in the small example. The R factor applied by the Land 
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Development Department in Thailand produces elevated estimates of soil loss - an 
increase of 25% for the example - compared to the equation applied by Liengsakul et 
al. (1993), NRC (1997), and also in this thesis. This equation is the first equation 
detailed in Table 4.13. The differences between the two equations, and the choice of a 
particular equation should not affect the utility of the Biophysical Toolbox, where 
direction and magnitude of change from scenario to scenario are most important. 
Table 4.13. Rainfall erosivity equations applied in Thailand. Erosion estimates are provided for 
land unit 45 (K = 0.03, LS= 13.3) under soybean (C = 0.421) with an annual rainfall of 2000 mm. 
The management for the plots are assumed to be bench terrace (P = 0.19). 
Equation Units Source Erosion (tlha) 
R=38.5 + 0.35(P) t/ha/year El-Swaify et al. (1987) 23.6 
NRC (1997) 
R=0.4699(P)- 12.1415 t/ha/year Supha Randaway, LDD 29.6 
4.5.3.3 Sensitivity of Gross Erosion Estimates to Topographic Factor Equations 
A number of equations for the topographic factor of the USLE have been developed and 
presented in the literature. These equations were developed in response to observations 
that the original Wischmeier and Smith (1978) equation was not suitable to conditions 
other than those under which it was developed. In steep regions like northern Thailand, 
this equation has been shown to grossly over-estimate erosion rates. This section 
considers three formulations for the LS factor that have been applied within northern 
Thailand in order to illustrate the differences in erosion estimates that may arise from 
the use of these equations. Table 4.14 contains the formulations implemented. 
Figures 4.3 to 4.5 illustrate the differences in the estimated LS factor for the Wat Chan 
subcatchment using the formulations in Table 4.14. The steep slopes in the north-east 
of the catchment have much higher LS estimates under the original Wischmeier and 
Smith (1978) equation compared with the other equations. This is as reported by 
Liengsakul et al. (1993) and NRC (1997). The statistics for the whole Wat Chan 
subcatchment are given in Table 4.15. 
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Figure 4.3. LS factor calculated according to NRC (1997) 
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Figure 4.4. LS factor calculated according to Liengsakul et al. (1993) 
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Figure 4.5. LS factor calculated according to Wischmeier and Smith (1978). 
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Table 4.14. Topographic factor (LS) equations applied within Thailand. 
Equation Slope Range Source 
LS= ((length(m))u.:i/22.13)x(0.065 + 0.0456(slope)) + 0.0065(slope)L 3% - 18% Wischmeier and Smith (1978) 
1. LS = [(length(m) )/22.13)0.:i]x(0.065+0.0456(slope) )+0.0065(slope )L 1. less than or equal to 8% NRC (1997) 
1. Wischmeier and Smith (1978) 
2. LS= (0.799 + O.OlOl(length(m)))x(0.344 + 0.0798(slope)) 2. greater than 8 % 2. Hellden (1987) 
1. LS= [(length(m))/22.13) u.:i]x(0.065+0.0456(slope))+0.0065(slope)L 1. less than 8% Liengsakul et al. (1993) 
1. Wischmeier and Smith (1978) 
2. LS= [(length(m))/22.1)0·5] x [(0.17(slope(%))-0.55]. 2. 8 % <slope< 22% 
2. McCool et al. (1988) [cited in 
Harper, 1988] 
3. LS= [(length(m))/22.1] x 6.4 x sin(slope(0 )) x cos(slope(0 )) 3. greater than 22% 
3. Meijerink (1989) 
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Table 4.15. LS factor statistics for the Wat Chan subcatchment using the equations in Table 4.14. 
LS factor 
Minimum Mean Maximum St. Dev. 
Wischmeier and Smith (1978) 0 10.48 210 15.15 
NRC (1997) 0 2.34 5 1.72 
Liengsakul et al. (1993) 0 0.67 5 0.8 
The formulation of the LS factor adopted in the Biophysical Toolbox is that used by 
NRC (1997). These equations provide estimates of erosion rates that fall in between the 
extreme estimates obtained using the Wischmeier and Smith (1978) equation and the 
much lower estimates obtained using the equations adopted by Liengsakul et al. (1993). 
4.6 Summary 
A USLE modified to suit conditions in northern Thailand has been included in the 
Biophysical Toolbox. Although the USLE has many detractors, it is still widely applied 
worldwide and is often of more use than complex soil erosion models. Complex soil 
erosion models generally can not be applied at large scales due to their large data 
requirements. In addition, the USLE is the tool widely used in the Land Development 
Department land use planning in Thailand. As LDD is one of the main target users for 
the Biophysical Toolbox, this reinforces the selection of the USLE for inclusion in the 
toolbox. The equation is capable of providing estimates of potential erosion within the 
catchment, and distinguishing between different scenarios for land management. The 
simple examples shown in this chapter show that, depending upon the selected 
equations, the erosion estimates can vary considerably. This should be considered when 
applying the model. A more thorough analysis of the output from the erosion model is 
provided in Chapter 7. 
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5 Hydrologic Response to Land Cover Changes: 
Review and Model Development Implications 
As with the other components of the Biophysical Toolbox, the hydrologic component 
required a methodology that was not data-intensive but incorporated key drivers. It 
needed to be sensitive to changes in land use, particularly forest conversion (or 
afforestation) and climatic inputs. Of the four focus study catchments chosen for the 
IWRAM project, only one subcatchment had streamflow records. Such lack of gauging 
is not uncommon at this subcatchment scale, which is of the order of 100 km2. In 
recognition of this, the methodology to be developed also required some means of 
estimating hydrologic response in ungauged catchments. As a prelude to Chapter 6, a 
discussion of the current status in using hydrologic models to predict hydrologic 
response to land use changes, and to predict discharge in ungauged catchments, is 
provided here. The catchments considered in Chapter 6 vary in size from 68.5 km2 to 
2157 km2. The transfer of information between catchments of different sizes is also 
addressed. Finally, the review is concluded with an examination of those landscape 
attributes that have been related to various aspects of hydrologic response within the 
literature. This chapter leads into the development and application of the hydrologic 
methods and regionalisation methods for predicting land use changes presented in 
gauged and ungauged catchments presented in Chapter 6. 
5.1 Land Cover Changes and their Influence on Hydrologic 
Response 
Over the last two decades in particular, a great deal of attention has been placed on the 
impacts of land use changes on hydrologic response, mainly in relation to the 
conversion of forest to agricultural land. Studies on the impact of deforestation on 
streamflow yield have often delivered conflicting conclusions, as indicated by 
Bruijnzeel (1990) in his 'state of knowledge review on the hydrology of tropical forests 
and effects of conversion'. This ambiguity is particularly evident in the effects of 
deforestation on dry season flow rates (Bruijnzeel, 1988). 
The potential impacts of land use change on dry season flows are an issue of significant 
importance in upland regions of Northern Thailand. For example, Takeuchi (1993) 
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attributed a reduction in dry season flow, to very low levels in the Ping River at Mae 
Chaem since the 1950's, to anthropogenic activities such as irrigation and upstream 
deforestation. Lowland Thai villagers are concerned that intensive cash-cropping in 
watershed areas has lowered downstream water supply levels in the dry season 
(Scoccimarro et al., 1999). Concerns like this have sparked considerable conflict 
between the various stakeholders in many catchments in Thailand. This issue is 
exacerbated by the very nature of Thailand's climate. Rainfall distribution within the 
highland catchment studied is highly monsoonal, with the majority of the annual rainfall 
falling within a period of about 7 months and a pronounced dry season between 
December and February. Approximately 95% of annual rainfall for the rainfall stations 
in the Mae Chaem catchment occurs between April and October. The availability of 
water during the dry season will greatly influence whether second or even third crop 
rotations can be grown. Consequently, there is a need to further the understanding of 
the impacts of changing patterns of land uses on hydro logic response. 
5.1.1 Deforestation and Effects on Annual Yield 
Concentrating initially on the conversion of forests to other land uses and its impacts on 
hydrologic response, it is important to distinguish between water yield and flow regime 
(the seasonal distribution of flow). As illustrated earlier, the seasonal distribution of 
streamflow may be of more importance than annual water yield (Bruijnzeel, 1990). The 
conversion of forests to various agricultural land use alternatives can have a significant 
impact on the catchment water balance through changes in water use and runoff 
processes. Some aspects of these impacts on hydrologic response are widely accepted. 
For example, following conversion of tropical forest land to other land uses, there is an 
initial increase in annual streamflow, which may be permanent in the case of conversion 
to shallow rooted crops, or temporary in the case conversion to plantation forests. 
Fritsch (1993) undertook an experiment investigating the effects of forest conversion to 
tree plantations, grazing, traditional slash-and-bum cultivation and a grapefruit orchard, 
and the differences between logging-only and logging followed by land clearing. The 
results of this experiment are presented in Table 5.1. The author concluded that, for all 
forestry options, runoff will decrease with time after the initial increase and return to 
near previous values within a few years. In the case of other land use changes (e.g. from 
forest to grazing) increases in stormflow remain at a steady level for a number of years. 
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Bruijnzeel (1988) also noted that 'undisturbed forest cover typically moderates peak 
flow rates and stormflow events'. Some authors have noted that afforestation or 
deforestation has little impact on peak flows (e.g. Mwendera, 1994). The effects of 
deforestation on dry season flows are much more contentious. 
Table 5.1. Runoff effects of logging and conversion of forest to other land uses (from Fritsch, 1993). 
The author carried out a paired catchment approach using 8 treated and 2 control catchments of 1 
to 2 hectares in area). 
Year Since Changes in Storm.flow Accuracy of 
Conversion Runoff (as % of forest Reconstructed 
runoff) Annual Runoff 
under.forest* 
Differences between logging-only and logging followed by land clearing 
Natural regrowth after 2nd 4 5.3% 
logging only 3 rd 26 
4th 2 
5th 
-6 
Natural regrowth after l st 149 5.6% 
logging followed by 2 nd 40 
extensive land 3 rd 32 
clearing 4th 16 
Conversion to tree plantations 
Pine l st 87 2.6% 
2nd 62 
3 rd 33 
6th 
-12 
Eucalyptus l st 66 3.2% 
2 nd 47 
3 rd 12 
6th 
-8 
Conversion to l st 114 7.4% 
grazing 2 nd 59 
3 rd 63 
4th 47 
5th+ 27 and decreasing 
Slash-and-bum 2nd 23 6.4% 
cultivation 3rd 30 
Conversion to the l st 200 12.0% 
grapefruit orchard 2 nd 73 
3 rd 17 
4th 63 
5th 46 
.. Note: * accuracy of the pred1ct10ns of runoff under forest for treated catchments with a 90% confidence mterval. Percentage change 
less than or equal to the accuracy of the runoff predictions is not statistically significant. 
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5.1.2 Deforestation and Effects on Dry Season Flow 
Two contrasting views can be identified (Bruijnzeel, 1988; Bruijnzeel, 1990; 
Sandstrom, 1998): (1) that deforestation leads to increased dry season flows due to 
increased water storage arising from a reduction in evapotranspiration and (2) that 
decreased dry season flows due to reduced infiltration lead to greater surface runoff and 
quick flow. An example of the latter is found in Nooteboom (1987). Supporting the 
former, Hsia and Koh (1983) identified that, for two dry seasons after complete forest 
removal, yield increases were 46 mm (108%) and 20 mm (293%) for a paired catchment 
study in central Taiwan. Similarly, Mwendera (1994) identified that replacing 
indigenous grass and scrub cover with exotic tree plantations reduced minimum flows. 
This study supports the general conclusions of review articles on dry season (or low) 
flows by Bruijnzeel (1988) and Johnson (1998). The review by Johnson (1998) dealt 
primarily with temperate studies in the United Kingdom and United States and, 
although care should be taken in transferring knowledge from these climates to the 
humid tropics, given differences in environmental conditions, a number of conclusions 
appear to agree with the limited information available for the tropics. These can be 
summarised as (Johnson, 1998): 
• clearfelling increases low flows through reduction of interception losses and 
transpiration, until revegetation and evaporation processes begin to increase, 
• the magnitude of this increase depends on seasonal rainfall patterns and the area 
of catchment felled, and 
• this increase in low flows is followed by a decline over several years, the rate of 
which depends on the rate of growth, type of vegetation and climate variation. 
It has been hypothesised that in the humid tropics flows may return to pre-change flows 
more rapidly due to rapid growth. 
Sandstrom ( 1998) identified a number of factors contributing to these conflicting 
viewpoints, including the relative importance of different hydrologic processes, human 
perceptions of change and unclear definitions. Clearly the last factor is potentially a 
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large source of confusion. For example, Ruangpanit (1995) defines deforestation as the 
'conversion of forest land to other types of land use'. Using this definition, clearing 
natural forest to give way to forest plantations is considered deforestation although the 
decrease in forest area is compensated for by an increase in the area of plantation 
forests. The response in flow regime and yield is likely to be substantially different 
from conversion of natural forests to, for example, annual rainfed crops, yet both cases 
can be considered as deforestation. Other factors complicate the picture with regard to 
identifying hydrologic response to changes in forest cover. Johnson (1998) noted that 
the impacts of forestry on water yield are difficult to quantify in catchments because of 
climatic factors and different land use practices. Additionally, on a catchment scale, 
effects can be obscured if different forest stages exist at one time, a reasonable concern 
given patchiness in forests and forest use in the humid tropics, particularly in areas 
where slash and burn cultivation has been, or is still, practised. 
In general, it appears that decreased water use arising from forest conversion leads to 
increased dry season flows. However, this is highly dependent on the state of disruption 
following the land cover change, particularly with reference to the soil surface. 
Sandstrom (1998) and Bruijnzeel (1990, 1993) found that hydrologic response, in 
particular dry season flows, will also be greatly dependent on whether or not 
disturbances result in decreased rates of infiltration and percolation. If so, less 
groundwater recharge will result, leading to a loss of dry season flow (Bruijnzeel, 1988; 
Bruijnzeel, 1990; Sandstrom, 1998). This relationship between infiltration and dry 
season flows adds to the complexities of ascertaining hydro logic response to land cover 
changes, and many authors cite this as a partial explanation for conflicting reports in the 
literature (e.g. Bruijnzeel, 1990; Johnson, 1998; Sandstrom, 1998). In regions where 
tropical montane or 'cloud' forests grow, forest removal may have a decreasing effect 
on both total yield and seasonal distribution of streamflow. These forests are estimated 
to add 5-20% equivalent of annual rainfall from 'cloud-stripping' from low level clouds 
(Bruijnzeel, 1990; Bonell, 1998). This illustrates the need for knowledge of the 
processes that take place in tropical lands and may explain some of the conflicting 
reports on the impacts of forest conversion and water yield. 
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The difference in runoff between forests and many alternate land use types can be 
explained with the water consumption of the respective covers. With the possible 
exception of plantation forests, natural forests tend to have the greatest water demand, 
as shown by the respective evapotranspiration rates. This has been illustrated in many 
studies (e.g. Churchill et al., 1982, Zhang et al., 2001). The greater evaporation 
observed for forests over agricultural alternatives is according to Vertessy and Bessard 
(1999), 
• deeper rooting depth 
• a greater ability to extract moisture from soil under dry conditions 
• greater leaf area 
• greater aerodynamic roughness, and 
• lower albedo than grasses. 
The first two act by increasing the evapotranspiration of the crop. Rooting depth is 
related to the ability of the plant to extract water, although vegetation types with similar 
rooting patterns can vary significantly in their ability to extract moisture. The last three 
points act to increase potential evapotranspiration. The lower albedo of forest compared 
to grasses increases solar radiation whereas greater aerodynamic roughness moisture 
wind driven evaporation. The combination of these factors allows a greater transpiration 
rate for forest, although the degree to which forests exceed the evapotranspiration (ET) 
of alternate land uses depends on the water use of the alternate land use and also on the 
age and species composition of the forest, in addition to site conditions. 
In general, annual evapotranspiration from tropical forests is of the order of 1500 mm 
(Table 5.2). The exception to this is a 'cloud' forest in the Philippines where ET drops 
to 400 mm, which Bruijnzeel (1990) attributed to the combined effects of low 
transpiration rates under prevailing climatic conditions and increased precipitation 
through cloud stripping, termed 'occult precipitation'. In these forests, increased cloud 
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cover (and hence less solar heating) combined with high relative humidity to decrease 
PET. An example of ET from a cloud montane forest, Mt Data in the Philippines is 
given in Table 5.2. ET in mm/yr, in this area, is considerably lower than for a montane 
forest in Indonesia (392 mm compared with 1170 mm) despite similar rainfall (3306 
mm and 3382 mm respectively). Limited data on annual evapotranspiration from other 
vegetation types is provided in Table 5.3. 
5.1.3 Sensitivity ... How Large a Land Cover Change is Required to Impact on Yield 
and Flow Regime? 
To model the impacts of land use changes on water yield and flow regime, some idea of 
the factors influencing a catchment's hydrologic response is required. Gain in water 
yield will be proportional to the fraction of biomass removed, as well as being 
dependant on the management practices in place during and following conversion. 
Bruijnzeel ( 1991) identified that no effect had been found for disturbances affecting less 
than 20% of a forested catchment, and Johnson (1998) noted that a reduction in forest 
cover of the order of 25% was necessary to see increased low flows. This is not 
surprising when it is realised that errors in discharge measurement can be high, 
especially during low and high flows, and that these are confounding factors. Not only 
does a considerable percentage of a catchment need to be modified before a change can 
be detected, but the yield will depend on seasonal rainfall patterns and site conditions. 
Additionally, although the relative changes in dry season flow may be quite large, in 
absolute terms these increases in low flows may not constitute a significant proportion 
of annual flows. Hsia and Koh (1983), for example, found that despite large increases 
in dry season yield after small scale deforestation (108% and 293% for first and second 
years, respectively) absolute water increases were not large (only 10% of total yield) 
because rainfall is scarce in the dry season in central Taiwan. 
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Table 5.2. Annual precipitation (P) and evapotranspiration (ET) from forest types (compiled from 
Bruijnzeel, 1990; Calder, 1998, Ter Steege et al, 1995; and Zhang et al., 1999). The means by which 
ET estimates were calculated are indicated where known. 
Forest Type Location p ET Source 
(mm/yr) (mm/yr) 
Tropical Forests 
Lowland forest1 Sungai Tekam, 1727 1498 Cited in Bruijnzeel (1990) 
Malaya 
Lowland forest1 Sungai Tekam 1781 1606 Cited in Bruijnzeel (1990) 
Lowland forest 1 Sungai Lui, 2410 1516 Cited in Bruijnzeel ( 1990) 
Malaya 
Lowland forest1 Ang at, 3236 1232 Cited in Bruijnzeel ( 1990) 
Philippines 
Lowland forest' Babinda, 4037 1421 Cited in Bruijnzeel (1990) 
Queensland 
Lowland forest" Janlappa, 2851 1481 Calder et al. (1986) 
Indonesia 
Montane forest 1 Ciwidey, 3306 1170 Cited in Bruijnzeel ( 1990) 
Indonesia 
Montane cloud Mt. Data, 3382 392a Cited in Bruijnzeel ( 1990) 
forest 1 Philippines 
Wet tropical Reserve Ducke 2593 1393 Shuttleworth ( 1988) in 
forest3 Forest, Zhang et al. (1999) 
Amazonia, 
Brazil 
Wet tropical West Java, 2835 1481 Calder et al. ( 1986) 
forest2 Indonesia 
Rainforest5 Agarape Acu, 1819 1363 Holscher et al. ( 1997) in 
Brazil Zhang et al. ( 1999) 
Forest4 Mabura Hill, 2700 1520 Jetten (1994) in Ter 
Guyana Steege et al. ( 1995) 
Forest5 Yenwe, 2978 1495 Ni-Lar-Win (1994) 
Myanmar 
Other Climatic Zones 
Sub-tropical Puerto Rico 3725 831 Frangi and Lugo ( 1985) 
floodplain 
forest5 
Wet temperate Plynlimon, 2013 864 Calder ( 1977) 
Wales 
L 
·' . . 0 Note. estimate obtamed usmg water balance, Penman-Montieth equation, direct measurement, modelling, and regression 
between average above-canopy vapour pressure deficit and diurnal rate of groundwater level change during dry days. 
The majority of these studies have been undertaken at small scales - either plots or 
small catchments. In controlled experiments, the largest relative increases are connected 
with the delayed flow component (Bonell, 1998). Whether these results hold at larger 
scales is questionable. For example, Wilk et al. (2001) aimed to determine changes in 
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the rainfall or runoff regime in a 12,100 km2 catchment in northern Thailand in which 
extensive forest cover change had occurred. Despite a change in forest cover from 80% 
to approximately 30%, no significant changes were detected in terms of the water 
balance or the dynamics of the recession at the end of the rainy season. The authors 
attributed this lack of change to remaining shade trees left on cleared land as well as 
substantial secondary regrowth on abandoned plots. The presence of regulation in the 
watershed may also have moderated or masked any changes in hydrologic response. 
However, Wilk et al. (2001) postulated that as the major dam in the catchment drains 
only 4.5% of the total catchment area the impact of dam regulation on total water yield 
should be negligible. For this reason, along with the relatively minor irrigation 
abstraction volume (of approximately 3% of average annual water yield for irrigation), 
the authors did not separate the impact of reservoirs on water yield. If these impacts had 
been separated, significant changes may have been identified in the flow regime, 
particularly in the dry season. Section 5.2.4 focuses further on differences in hydrologic 
regimes between large and small catchments which may explain in part the observations 
of many authors, including Wilk et al. (2001). 
Table 5.3. Annual precipitation (P) and evapotranspiration (ET) from non-forest vegetation types 
in tropical climates (adapted from Bruijnzeel, 1990 and Zhang et al. 1999). The means by which ET 
estimates were calculated are indicated, where known. 
Vegetation Location p ET Source 
Type (mm yr-1) (mmyr- 1) 
Large gap in Mabura Hill, 2700 972 Jetten (1994) in Ter 
Forest1 Guyana Steege et al. ( 1995) 
Pasture:z Myanmar (Burma) 741 641 Ni-Lar-Win (1994) 
Maize:z Kenya 2015 880 Pereira ( 1964) in 
Zhang et al. (1999) 
• 1 L Note. modelhng, direct measurement 
5.2 Hydrologic Modelling 
Much of the discussion provided in Chapter 1 with respect to model complexity, over-
parameterisation and model identifiability is especially relevant to hydrologic models. 
Several approaches have been developed that attempt to predict catchment runoff from 
rainfall events occurring within that catchment. Such approaches cover a wide range of 
complexities in terms of the model structure and the processes considered. The 
classification of model types discussed in this chapter is consistent with the discussion 
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of general aspects of environmental modelling provided in Chapter 1 (i.e. empirical, 
conceptual and physics based). 
It is important to re-iterate that to calibrate physics based models accurately 
'considerable care is required to ensure a unique optimal parameter set is obtained, and 
that the physical basis of the process representations is not obscure' (Jayatilaka and 
Connell, 1995). Schreider (1996) noted that it is not possible to satisfy such 
requirements when the area of the catchment is considerable. The major limitations to 
using a physics based model in this study are 
• the complexity of processes within the catchment 
• a paucity of data with which to support the model and to verify model outputs, 
and 
• over-parameterisation leading to issues of parameter identifiability. 
Conceptual models provide an alternative for inclusion in the Biophysical Toolbox. 
Perrin et al. (2001) noted that the 'simple catchment models that lump catchment 
heterogeneities and represent the transformation of precipitation into streamflow, 
conceptually or empirically, are generally easy to use tools with low data requirements. 
In spite of the crude approximations resulting from their lumped and simple structure, 
such models have proved efficient in many studies'. Perrin et al. (2001) conclude this 
from an assessment of 19 daily lumped rainfall-runoff models of 429 catchments in 
France, the United States, Australia, the Ivory Coast and Brazil. If we only have limited 
catchment data, such as lumped daily rainfall and evaporation, then it seems 
unnecessary to develop spatially explicit and complex model structures (Wooldridge et 
al., 2001). 
5.2.1 Concepts in Modelling Surface Hydrology 
A number of key concepts in hydrology have been used as the basis for most models 
presented in the literature. These include the Instantaneous Unit Hydrograph (IUH), 
Hortonian overland flow, and the variable source concept. This section briefly describes 
these concepts. The IHACRES model used in Section 6 is based on the IUH concept. 
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5.2.1.1 The Instantaneous Unit Hydrograph (IUH) 
The concept of the unit hydrograph was initially developed by Sherman (1932) and was 
originally defined as the hydrograph of surface runoff resulting from effective rainfall 
occurring over a unit of time. Further development of the unit hydrograph theory has 
seen the derivation of the unit hydrograph for baseflow in addition to the quick flow 
component of streamflow (Chow, 1964), and the use of advanced time series analysis to 
define the unit hydrograph for total streamflow (Jakeman et al., 1990). The 
instantaneous unit hydrograph (IUH) is an abstract mathematical representation of the 
unit hydrograph that occurs when the duration of the effective rainfall is minute. This 
concept simplifies hydrograph analysis in that one variable (the time duration of 
precipitation) is eliminated, and this simplification has made the concept popular in the 
investigation of rainfall-runoff dynamics (Thomas and Goudie, 2000). Assumptions 
associated with the IUH are (Jakeman et al., 1990): 
• linearity of streamflow response to rainfall excess, and 
• homogeneity in the spatial distribution of infiltration capacity, rainfall and 
rainfall intensity. 
The IUH concept has been widely applied within the hydrologic literature to predict 
hydrologic response to climate. The utility of IUH models can be extended by relating 
the derived parameters of the unit hydrograph to climatic and physiographic variables 
(Tung et al., 1997). For example, parameters of the IHACRES model - one of the 
commonly used IUH models - have often been related to catchment descriptors to 
further the capability of the model in predicting responses to land cover changes or 
discharge in ungauged catchments (e.g. Post and Jakeman, 1999; Gilmour et al., 2001). 
The 'Geomorphic Instantaneous Unit Hydrograph', first presented by Rodriguez-Iturbe 
and Valdes (1979), interprets the runoff hydrograph as the travel time distribution given 
the dynamics of rainfall-runoff transformation, and geomorphology. Since it origination, 
the IUH has been parameterised by decomposing the process of runoff formation into 
three distinct contributions, by 
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• accounting for the mechanisms of runoff generation and travel times within the 
hills lope 
• describing flow propagation as the foremost process within individual reaches, 
and 
• accounting for the morphology of the network system. 
5.2.1.2 Horton Overland Flow (Infiltration Excess) 
The Horton overland flow concept considers overland flow per unit area as rainfall 
intensity minus the infiltration capacity. All rainfall is considered to be excess when the 
rainfall intensity exceeds the infiltration rate of the soil. Subsequently, any excess water 
is diverted as overland flow. This overland flow is considered to supply the rising and 
falling stage of stream hydrograph response. The concept neglects the effect of 
throughflow within the soil as a direct source of streamflow. Hence, many authors tend 
to prefer the 'variable source area' concept. However, Hortonian overland flow is still 
considered within many models as a component of runoff generation (e.g. TOPMODEL 
- Beven and Kirkby, 1979). 
5.2.1.3 Saturation Excess Overland Flow 
Saturation excess overland flow occurs when rainfall amount exceeds the soil water 
storage capacity of the soil. Runoff during an event is a function of the precipitation and 
the antecedent soil moisture conditions. This concept has been incorporated into 
hydrologic models such as TOPMODEL. 
5.2.1.4 Variable Source Area Concept 
The 'variable source area' concept of storm runoff generation states that the saturated 
areas around streams are the 'dynamic source area' that most rapidly contributes to the 
stream hydrograph. The source area changes in response to subsurface flow conditions 
before and during storms. Such representations of the hydrologic system have been 
incorporated into many hydrologic models presented in the literature. Two notable 
examples are TOPMODEL (Beven and Kirkby, 1979) and TOPOG (O'Loughlin, 1986). 
Both models explicitly consider terrain. The core equation within TOPMODEL allows 
the prediction of soil water deficit pattern and the saturated source pattern from 
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knowledge of topography and soil characteristics. Within TOPMODEL an area is split 
into grid cells at which the topographic index x, is calculated according to the equation 
X = Zn( a/tan /3) (5.1) 
where a is area drained per unit contour length at a point and ~ is the slope gradient at 
that point (Beven and Kirkby, 1979). All grid cells with the same value of the 
topographic index are assumed to behave in a hydrologically similar way. TOPOG 
combines three-dimensional terrain attributes with a simple description of water 
movement in hillslopes. 
5.2.2 Modelling Hydrologic Response to Ltlnd Cover Changes 
To understand and model watershed hydrology, a means of sufficiently predicting 
evapotranspiration is required. However, the relationships between land cover, climate, 
water and soil are complex, involving many biological, physiological, physical and 
chemical processes that vary with different climates and between different covers. 
Evaporation and transpiration are controlled by a complex pattern of these processes. 
This is illustrated in Table 5.4 for evaporation. Modelling forest evapotranspiration 
(ET) is particularly difficult due to variation in age species composition, soil 
characteristics and micrometeorology within single forest stands (Fritschen and 
Simpson, 1985). The number of processes that can be considered raises the issue of the 
suitability of techniques for predicting ET and application in large-scale modelling 
applications. Zhang et al. (1999) noted that the challenge in modelling ET at the 
catchment scale is to represent processes in a simple manner that allows prediction of 
the effect of changes in vegetation on ET. 
Table 5.4. Effects of land use and climate on principal limits and controls on evaporation (Calder, 
1998) 
Land Use Dry Climate Wet Climate 
Temperate Climate 
Tall Crop Physiological, Soil Water Advection 
Short Crop Physiological, Soil Water Radiation, Physiological 
Tropical Climate 
Tall Crop Soil Water, Tree Size Drop Size, Physiological 
Short Crop Soil Water Radiation 
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Zhang et al. (1999) developed, from over 250 catchments world-wide, a simple two 
parameter model that relates mean annual ET to rainfall. These parameters are potential 
evapotranspiration (PET) and plant available water capacity (Figure 5.1). A similar 
relationship was undertaken based on 19 large catchments across Victoria, Australia 
(Holmes and Sinclair, 1986). The Zhang et al. (1999; 2001) model assumes that annual 
ET from a catchment is the sum of annual ET from herbaceous vegetation and that from 
forest, weighted linearly with the areas of the covers. That is, 
ET = R(--1 +_w_Eo_/ R __ ) 
1 + w Eo/ R + R/ Eo 
(5.2) 
where w the plant available water coefficient (2.0 and 0.5 for forest and herbaceous 
vegetation respectively), R is mean annual precipitation (mm) and E0 is potential 
evapotranspiration (1410 mm and 1100 mm for forest and herbaceous vegetation 
respectively). Catchments selected by the authors had the following characteristics: 
• the dominant form of precipitation is rainfall 
• slopes in the catchment are generally low, and 
• soils are relatively deep. 
The assumption here is that vegetation cover is rainfall limited and not limited by soil 
and drainage. No difference is distinguished between forest types. Potentially, evergreen 
forests transpire more than deciduous forests. The difference in evapotranspiration and 
water use between evergreen and deciduous forests has been raised as an issue in the 
Mae Chaem catchment in northern Thailand (Dr. Suwit Ongsomwang (RFD), pers. 
comm.). 
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Figure 5.1. Relationship between annual evapotranspiration and rainfall for forest and grassland 
vegetation (from Zhang et al., 1999). 
The Food and Agriculture Organisation of the United Nations, in a FAQ Irrigation and 
Drainage Paper (FAQ, 1986), also identified that, although a large amount of 
information is available on the processes relating to water use, for practical application 
this knowledge must be limited to major components to allow a meaningful analysis of 
crop response to water at the field level. The FAQ (1986) 'Yield Response for Water' 
(hereafter referred to as the FAQ 1986 Report) outlines a simple approach for relating 
actual evapotranspiration to PET. PET tends not to be reached, principally due to 
climatic conditions. For a given climate, crop and crop development stage the 
maximum ET (in mm/day), ETm, of the period considered is: 
ETm = kc.ET0 (5.3) 
where kc is an empirically determined crop coefficient and ET0 is the potential 
evapotranspiration for a given agroclimatic region (FAQ, 1986). 
Evapotranspiration has been incorporated into methods for predicting hydrologic 
response to land cover changes in a number of methods. These vary in complexity from 
relatively simple relationships such as the Holmes-Sinclair relationship (Holmes and 
Sinclair, 1986; Vertessy and Bessard, 1999) and the FAQ and Zhang models outlined 
previously, to inclusion of the more complex Penman-Montieth and Priestly-Taylor 
formulations. De Bruin (1983) reviewed a number of methods for estimating ET and the 
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performance of such techniques in estimating ET in humid tropical regions including 
the Priestly-Taylor equation, the Penman method, an FAO-type equation and a further 
simplification of the Priestly-Taylor equation. The author identified that under different 
climates (or seasonally) the performance of each of these equations is variable. 
5.2.3 Methods for Predicting Flow in Ungauged Catchments 
The development of methodologies for predicting hydrologic response in ungauged 
catchments has sparked much interest in the last few decades, largely due to limited 
gauging in many catchments. Croke and Jakeman (2001) noted that the modelling of 
ungauged catchments requires either regionalisation of model parameters or techniques 
for scaling from small scales (e.g. point to plot) to the catchment scale. Both require 
methods to deal with problems of heterogeneity, over-parameterisation and error 
accumulation. Within the literature, this has resulted in the introduction of terms such as 
'Hydrologically Similar Units' (e.g. Karvonen et al., 1999), and 'Region of Influence' 
(Burn, 1990a; Burn, 1990b; Zrinji and Burn, 1994). Regionalisation refers to the 
process of grouping study areas into sub-regions and using these to predict flow or other 
hydro logic responses in an ungauged catchment, although Post ( 1996) extended this 
definition to include any studies that attempt to predict the hydrologic response of an 
ungauged catchment regardless, of the methodology applied. It is important, however, 
to note that regionalisation is also used for improving flow statistics at sites where 
records are short (Pandey and Nguyen, 1999). Generally, regionalisation relationships 
are constructed for catchments of similar scale and are based on the concept that flow 
patterns and statistics are closely related to climate and physiographic characteristics 
(Pandey and Nguyen, 1999). In this thesis, this is extended to include vegetation 
attributes. Regionalisation techniques have commonly been applied to studies of flood 
frequency analysis (e.g. Pandey and Nguyen, 1999; Zrinji and Burn, 1994) but 
sometimes to low flow analysis (e.g. Nathan and McMahon, 1990). 
Traditionally, regionalisation groupmgs have utilised geographically close areas 
(Nathan and McMahon, 1990; Vandewiele and Elias, 1995). However, such groupings 
may ignore significant differences in the characteristics of the areas within the group. 
Recognition of this has prompted a trend towards using the concept of hydrologic 
similarity, whereby areas are grouped according to their hydrologic characteristics. 
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A number of methods for the grouping of similar catchments - whether hydrological or 
geographical - exist within the literature. Zrinji and Burn (1994) identified four 
regionalisation for flood frequency analysis of ungauged sites: regional 
regression models, analysis, combinations of cluster analysis and discriminant 
analysis, and 'region of influence' approach. Kshirsagar et al. (1995) combined 
Muskingum routing with an impulse response function approach for optimal parameter 
estimation of ungauged lateral flow. Tung et al. (1997) identified regionalisation 
techniques as those that (a) substitute space for time, (b) identify model 'structure' or 
(c) a combination of the two. Table 5.5 provides a description of approaches to 
hydrologic modelling in ungauged catchments identified within the literature. 
In terms of geographic (as opposed to hydrologic) regionalisation, Vandewiele and Elias 
( 1995) considered two ways of implementing geographic regionalisation - as weighted 
means of parameters from gauged subcatchments in the immediate neighbourhood; and 
through interpolation techniques. Often, studies have identified homogenous regions 
through the spatial analysis of residuals. Classification of a new catchment is achieved 
by plotting its position on a map and noting the region within which the ungauged 
catchment falls. However, such an approach is limited to ungauged catchments lying 
within the area used to develop the prediction equations. Many authors, however, have 
noted that the hydrologic similarity of geographically similar regions is often 
unacceptably low (e.g. Nathan and McMahon, 1990; Zrinji and Burn, 1994). 
Regression equations are commonly used to estimate hydrologic parameters in regions 
where streamflow data is non-existent or is insufficient to allow reliable estimation of 
the required parameter(s). For example, Post (1996) used a multiple linear regression 
approach to relate landscape attributes to hydrologic response characteristics, thus 
allowing predictions to be made of the hydrologic response of ungauged catchments. 
This type of approach is generally based on catchment characteristics and can be 
relatively subjective (Zrinji and Burn, 1994). The risk with regression techniques is that 
statistically significant relationships may be developed that may not be physically 
sensible (Sefton and Howarth, 1998). Care must be taken to ensure that catchment 
characteristics are both statistically and physically significant. A number of regress: 
techniques have been explored for regionalisation purposes. For example, Pand1 
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Nguyen (1999) in a study of regression based methods in regional flood frequency 
analysis, considered six regression forms; ordinary least squares regression, weighted 
least squares regression, generalised least squares regression, robust regression, least 
absolute value regression and non-linear regression. 
Multivariate techniques such as cluster analysis provide a more objective method for 
defining regions although the variables used need to be selected carefully and weighted 
according to their importance for the actual problem. These techniques use either 
hydrologic characteristics or catchment characteristics to identify homogenous 
hydrologic regions, however measurable catchment characteristics are required to 
extrapolate results to ungauged catchments. Nathan and McMahon (1990) noted the 
deficiencies of the cluster analysis technique. Despite providing a more objective 
approach to identify homogenous regions than regression techniques, any group of 
variables is capable of generating clusters and consequently it is necessary to select and 
weight variables according to their relevance to the issues. Additionally, the similarity 
measures in place are highly dependent on scale of analysis used, with variables that are 
measured in larger numbers contributing more to the similarity measure than those 
measured in smaller numbers. This is usually overcome by scaling variables such that 
they have zero mean and unit variance, but this has the drawback of losing any 
potentially useful information on the variability of a particular measure (Nathan and 
McMahon, 1990). An additional problem with cluster analysis is the number of linkage 
algorithms and distance measures available, which when applied to the same data set 
often produces substantially different clusters. This occurs because the choice of 
clustering method implicitly imposes a structure on the population and hence clusters 
may still be detected when the individual sites do not fit into any natural grouping 
(Nathan and McMahon, 1990). 
Other techniques include principal component analysis and Andrews' curves (Andrews, 
1972; Nathon and McMahon, 1990). Like cluster analysis and principal components 
analysis, Andrews' curves do not offer any insight into the physical function of the 
catchments. The Region of Influence (ROI) approach (Burn 1990a, b; Zrinji and Burn, 
1994) allows each site a potentially unique set of stations which constitutes the region 
for that site. A threshold value is chosen as a cut-off value for a dissimilarity measure. 
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Applications of the ROI approach have involved defining catchment similarity as a 
function of flow statistics estimated from the annual flood series for the stations, an 
option Zrinji and 
To apply the ROI 
(1994) stated was obviously unsuitable for ungauged catchments. 
regionalisation upon ~~·c~"" 
an M dimensional attribute; 
to ungauged catchments, and ( 1994) based their 
similarity expressed as a weighted Euclidean distance in 
r (5.4) 
where D1k is the weighted Euclidean distance from} to k, Mis the number of catchment 
characteristics i, and XJi is a standardised value for each characteristic i for each site j. 
Regionalisation for a given site involves successively adding gauged stations to the ROI 
for each site, beginning with the most similar station and adding the next most similar 
station until the addition of a station leads to a lack of homogeneity. Homogeneity is 
tested using L moment ratios (Chowdhury et al., 1991; Zrinji and Burn, 1994). 
Kshirsagar et al. ( 1995) linked a Muskingum flood routing model with linear impulse 
response models to estimate the runoff hydrograph at a downstream point given runoff 
hydrographs at an upstream location(s) and estimated rainfall hyetographs for ungauged 
catchments. The linear impulse response models estimate lateral inflow from any 
ungauged catchment, c, according to; 
n 
Ute= FACL:h11cP(t-ti)c+ Boe (5.5) 
j=I 
where Ute is the lateral flow into the river at cross-section c at any time point, Pie is the 
rainfall over the ungauged catchment, FACc is a runoff coefficient that accounts for 
abstractions (and is used to estimate the rainfall excess from storm rainfall) and Boe is 
the baseflow addition. The variable h1c is an impulse response function that gives the 
characteristic response of the basin to unit precipitation excess and was developed by 
Harpin and Cluckie (1981). 
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Table 5.5. Identification of regionalisation techniques and tests for homogeneity (Compiled from Bates (1994) and others) 
Method Description Example 
Similarity Classifications 
Regression equations Divide an area into homogenous sub-regions and extrapolate. Pandey and Nguyen, 1999 
Post, 1996 
Post et al. 1998 
Residuals from overall regression Define homogenous sub-regions using residuals from an overall regression equation. 
equation 
Cluster analysis Identify clusters of sites such that the sites within a cluster are similar while there is dissimilarity Bum and Boorman (1993) 
between the clusters. 
Discriminant analysis Linear combination of the predictor variables used to distinguish the homogenous regions is selected 
and the value of this linear combination associated with the new catchment indicates the appropriate 
group membership. 
Cluster analysis and discriminant Assign a site to a cluster based on a discriminant score that defines the probability of cluster 
analysis membership for a site. 
Andrews' curves Fourier plots allowing multi-dimensional relationships between catchment variables to be represented Andrew (1972) 
as a 2D curve which is visually inspected for similarity Nathan and McMal1on (1990 
Region of influence Involves the transfer of extreme flow information to the site of interest. Zrinji and Bum (1994) 
Geographical regionalisation 
Weighted mean Compute parameter values in ungauged basin as a weighted mean of the parameters of gauged Vandewiele and Elias ( 1995) 
catchments (with good model forms) in the immediate neighbourhood 
Interpolation Consider a broader neighbourhood and subdivide into regions with common good model form and V andewiele and Elias ( 1995) 
apply an interpolation technique (e.g. kriging) to the region of the ungauged basin to find parameter 
values. 
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The prior discussion of methods used in regionalisation illustrates the concentration in 
the literature on statistical methods. Bates (1994) stated that 'these statistical methods 
have no inherent superiority over one another and are each subject to their own 
limitations'. A of problems exist with the various regionalisation techniques 
that have been developed in the literature. Common to all regionalisation techniques are 
the complexities assessing the degree of similarity between catchments (Nathan and 
McMahon, 1990). Catchments that are similar in one sense, for example underlying 
geology, may be substantially different in other variables considered in the 
regionalisation process, such as rainfall or vegetation cover. Thus defining similarity is 
a key issue in regionalisation (Post et al., 1998). 
Although defining similarity has been identified as a key issue, it is not considered in 
this thesis. Within the Mae Chaem catchment and surrounding regions, few hydrologic 
stations exist with which to develop relationships between hydrologic response and 
catchment characteristics or define hydrologic similarity. The catchments selected are in 
close geographical proximity, and the assumption is that the close proximity of the 
catchments to one another is reflected in their hydrologic similarity. The subcatchments 
all have similar climates, are characterised by steep topography and have similar land 
cover and land use. All subcatchments are largely forested. 
5.2.4 Issues in the Transferral of Information between Catchments. 
5.2.4.1 Hydrologic Responses and Relationships Between Small and Large 
Catchments 
Of particular relevance to determining hydrologic response based on information 
transferred from other catchments is the issue of the relationship between small and 
large catchments. Baron et al. (1980) discussed the issues of importance in determining 
responses from catchment in terms of area as: (a) identifying the areal effects on land 
use, and climate, and (b) indicating how geomorphological attributes contribute to the 
differences in hydrologic response between small and large catchments. Consideration 
of the impact of catchment area on hydrologic response is important for determining 
appropriate attributes for inclusion in regionalisation techniques. The influence of area 
may, however, be artificial. Clearly, regionalisation techniques should remove area 
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dependence, such as by converting observed streamflow to millimetres before 
calibrating and regionalising, or converting to millimetres after regionalising. 
Baron et al. (1980) noted that emphasis is often placed on small catchments because 
they are uniform in terms of physical characteristics and rainfall distribution and their 
runoff production is far more likely to be spatially uniform. However, the concern that 
hydrologic processes and relationships on small catchments may not translate to large 
catchments is widespread (e.g. Baron et al., 1980; Bosch and Hewlett, 1982). When 
reviewing catchment experiments undertaken for vegetation changes on water yield and 
evapotranspiration, Bosch and Hewlett (1982) found that as the catchment becomes 
larger it is increasingly difficult to control treatments. This is analogous to increasing 
landscape heterogeneities such as land use, morpohology and climate with increasing 
catchment size. In particular, Baron et al. (1980) noted that in large catchments where 
single land uses rarely exist, results from smaller catchments have not been reproduced. 
An example of this was presented earlier (Wilk et al., 2001). The authors attributed the 
fact that no effects were observed in response to significant changes in forest cover to 
'averaging resulting from the heterogenous conditions which tend to mask the effects of 
individual land uses'. 
Highlighting the potential differences between land uses is the consideration of urban 
development and roads. In a small catchment, these can greatly alter hydrologic 
response, although whilst in a large catchment it is likely that these areas will constitute 
a much lower proportion of the catchment area and may thus have a lesser effect on 
hydrologic response. Baron et al. (1980) additionally noted that (in Australia) forested 
areas tend to be concentrated in steeper headwater regions, whereas the larger flatter 
areas of large catchments are mainly cleared. This is the situation in the case study of 
the thesis, the Mae Chaem catchment of northern Thailand, where the density of 
agricultural land uses is much greater in flatter regions, although many pockets of small 
scale upland cropping exist in the steep headwater regions. Overall, Baron et al. (1980) 
concluded that changes in the various types of land use affect the hydro logic response of 
small catchments more strongly than that of large catchments. In larger catchments, 
extractions can also mask observed responses. 
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The area of a catchment to a certain extent defines the runoff type that dominates 
(Chow, 1964; Baron et al., 1980). The Committee on Runoff of the American 
Geophysical Union (cited Chow, 1964 - page 25-16) stated that a distinct 
characteristic of watersheds is that overland flow is the dominating factor 
affecting peak runoff. Consequently, small watersheds tend to be very sensitive to high 
intensity rainfalls short duration, and to land use. In larger catchment the importance 
of channel storage may increase. Chow (1964) goes so far as to propose a definition of 
a small catchment as one where 'sensitivity to high intensity rainfall and to land use is 
not suppressed by channel characteristics'. 
Many authors have raised the issue of infiltration and runoff properties as being a major 
hurdle in transferring information between small and large catchments (e.g. Baron et al., 
1980; Pilgrim, 1983; Goodrich and Woolhiser, 1991). Pilgrim (1983) noted two issues 
relating to catchment sizes that can potentially cause considerable differences in the 
infiltration parameters in hydrologic models: 
• different time intervals may be used 111 model operations for basins of very 
different sizes; and 
• soil store capacities are likely to be greater in large basins than in steeper and 
smaller headwater basins with shallow soils in the same region. 
Pilgrim (1983) noted that these issues illustrate the problems 111 transferring model 
relationships from small to large basins. 
5.2.4.2 Use of Landscape Attributes in Modelling of Ungauged Catchments 
Many catchment attributes have been utilised with the aim of developing indicators of 
hydrologic similarity for use in regionalisation procedures. The types of attributes 
considered within the literature can be broadly classed as landscape attributes 
(topographic and geomorphologic), vegetation attributes and climate attributes, 
although there is the potential to consider land or water use structures such as irrigation 
or management practices and road networks. 
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Perhaps the greatest amount of effort in relating catchment attributes to hydrologic 
properties has involved the use of topographic and/or geomorphologic characteristics of 
catchments. A large number of catchment attributes and indices have been presented in 
the literature, some of which are outlined in Table 5.6. Moore et al. (1991) in a review 
of the use of topographic attributes for hydrologic, geomorphologic, and biological 
applications, classified topographic attributes as being either primary or secondary 
(compound) attributes. Primary attributes are those that are directly calculated from 
elevation. These attributes can be directly used in process modelling. Examples of 
primary attributes that are readily calculated include slope, aspect, specific catchment 
area, flow path length, profile curvature and plan curvature. Such attributes have been 
widely used (e.g. Bui et al., 1999; Post, 1996; Tung et al., 1997; Western et al., 1999; 
Kokkonen and Jakeman, 2001). Secondary attributes are to those that involve 
combinations of primary attributes and are indices that can be used to describe spatial 
variability of specific processes occurring in the landscape (Moore et al., 1991). A 
commonly applied example of such an attribute is the topographic index, ln(a/tan~), 
proposed in the TOPMODEL framework (Beven and Kirkby, 1979; Quinn et al., 1995). 
Moore et al. (1991) stated that secondary attributes can be considered surrogates for 
complex hydrologic, geomorphological and biological processes. For example, the 
hypsometric curve - an indication of relative area to elevation - can be applied in 
hydrologic applications where some factor, such as precipitation or evaporation, varies 
with altitude (Chow, 1964). More widely used examples of compound attributes in the 
literature include the various forms of wetness indices commonly used, for example, for 
the prediction of soil moisture and impacts on vegetation distribution and streamflow 
response (Beven, 1987; Sefton and Howarth, 1998; Western et al., 1999). 
5.3 Synthesis 
This review has illustrated that a large range of work has been presented in the literature 
which addresses the prediction of hydrologic response in gauged and ungauged 
catchments to changes in land cover. 
Regionalisation techniques have largely invoked statistical methods to determine 
hydrologic and geographic similarity and relate catchment characteristics to aspects of 
hydrologic response. To date, the work has shown that current regionalisation 
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techniques are very much site-specific. Catchments vary considerably in the types of 
catchment characteristics been identified as strongly influencing hydrologic 
regimes. Only catchment area has consistently been found to strongly influence 
hydrologic response. 
Table 5.6. Examples of topographic attributes and their hydrologic significance (adapted from 
Chow (1964) and Moore et al. (1991)). 
Attribute Definition Hydrologic Significance 
Altitude Elevation Climate, vegetation, 
potential energy 
Upslope height Mean height of upslope area Potential energy 
Aspect Slope azimuth Solar irradiation 
Slope Gradient Overland and subsurface 
flow velocity and runoff 
rate 
Upslope slope Mean slope of upslope area Runoff velocity 
Dispersal slope Mean slope of dispersal area Rate of soil drainage 
Catchment slope Average slope over the catchment Time of concentration 
Upslope area Catchment area above a short Runoff volume, steady-state 
length of contour runoff rate 
Dispersal area Area downslope from a short Soil drainage rate 
length of contour 
Catchment area Area draining to catchment outlet Runoff volume 
Specific Upslope area per unit width of Runoff volume, steady-state 
catchment area contour runoff rate 
Flow path length Maximum distance of water flow Erosion rates, sediment 
to a point in the catchment yield, time of concentration 
Upslope length Mean length of flow paths to a Flow acceleration, erosion 
point in the catchment rates 
Dispersal length Distance from a point in the Impedance of soil drainage 
catchment to the outlet 
Catchment length Distance from highest point to Overland flow attenuation 
outlet 
Profile curvature Slope profile curvature Flow acceleration, erosion/ 
deposition rate 
Plan curvature Contour curvature Converging/diverging flow, 
soil water content 
Hypsometric Index of elevation distribution Climate 
Integral, IH within an area 
IH = ( E -Emin)/(Emax-Emin) 
Topographic ln(As/tan~) Related to the size of the 
wetness index variable source areas to 
runoff generation 
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There are conflicting reports on the impact of forest cover conversions on hydrologic 
response in the tropics. Only land cover changes, in relatively small catchments, 
have resulted detection changes to hydrologic response This is not surprising as 
hydrologic response is by a complex pattern of processes. Spatial 
heterogeneities forest and other vegetation cover often mask the 
impacts deforestation, particularly m large complicated catchments. In general, 
forest increases the proportion of streamflow in the dry season relative to the wet 
season, compared with non-forested land with lower infiltration rates for systems with 
baseflow. If soil infiltration properties are maintained following forest conversion, or 
management options increase infiltration, then deforestation may increase absolute dry 
season flows. Given complexities in predicting the impacts of land use change impacts 
upon hydrologic response in ungauged catchments, the procedure developed and 
implemented in Chapter 6 will concentrate upon broad land cover changes that are not 
spatially explicit, that is conversion of forests to non-forested cover and vice-versa. The 
option exists at a later date to incorporate more vegetation characteristics and 
management practices in scenario modelling and so add more sophistication to the 
procedure. 
The requirement of the hydrologic component of the Biophysical Toolbox is a model 
capable of 
• showing sensitivity to broad-scale land cover changes 
• predicting hydro logic response over a range of spatial scales 
• incorporating a parsimonious approach to model parameterisation 
• partitioning flow between quick flow (dominant during the wet season) and slow 
flow (dominant during the dry season), and 
• allowing parameter values to be related to catchment attributes m ungauged 
catchments. 
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The catchments to which the procedure is to be applied are relatively sparse in 
hydrologic and climatic This strongly influences the selection of an appropriate 
model structure. There is little data to support complex representations of the 
hydrologic system, alone verify model performance. Additionally, if we want to 
infer parameters from catchment properties, then issues of temporal and spatial scales 
inhibit the complexity of the model that can justifiably be applied. The gauged 
catchments of the Mae Chaem, on which the hydrologic procedure within this thesis is 
developed and tested, cover a large range of sizes. As discussed in Section 5.2, 
dominant runoff processes can vary considerably between large and small catchments. 
Explicit consideration of detailed processes within a model may potentially lead to a 
representation that is applicable in one catchment and not another. 
Changes in broad land cover are not represented in a spatially explicit way as: the 
additional complexity this would require does not warrant it, and changes tend to occur 
in specific parts of the catchment (hillslopes not flat areas). Indirectly, the procedure 
considers the spatial distribution of forest through interactions with the CATCHCROP 
model, which is used to provide inputs to the hydrologic module. Results from the 
Biophysical Toolbox are sensitive to land units only. Different areas in the same land 
unit are assumed to have the same hydrologic response to vegetation cover. That is, the 
land units adequately represent the variability in hydrologic response over the 
catchment. Extension to a full spatially distributed model would require significantly 
more data which is unavailable. 
It is evident from this that physics based models are not likely to be applicable in the 
catchments used in this study. Despite the benefit of using such models - that is, the use 
of measurable properties potentially decreasing the need for calibration in some cases -
data limitations in the catchment studies here prevent application of physics based 
models. Conceptual models provide a much more appropriate alternative. The 
IHACRES metric-conceptual rainfall-runoff model is the basis of the model presented 
in Chapter 6. It has been applied across a wide range of climatologies and catchment 
sizes. It has a parsimonious approach to model parameterisation (the version used in this 
thesis has only six parameters). This parsimony facilitates the regionalisation. Simple 
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catchment attributes, such as forest cover area and catchment area, can be used to 
regionalise its parameters and thereby predict streamflow ungauged catchments. 
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6 A Method for Predicting Hydrologic Response Under 
Forest Cover Changes in Gauged and Ungauged 
Subcatchments 
Land cover effects on hydrology can largely be attributed to changes m water use 
throughout the although effects of land use on site conditions such as soil 
properties like infiltration have also been identified as influential (Bruijnzeel, 1990). In 
the Mae Chaem catchment, land cover can be broadly classed as paddy, upland fields 
and forest. It is assumed that differences in the water use characteristics of these broad 
cover types may provide a simple measure of changes in hydrological response to large 
land cover changes, and that their influence can be incorporated in the crop model tested 
and reported in Chapter 3. The crop model also allows the effects of land use on 
infiltration and runoff to be modelled. This chapter augments the crop model with a 
rainfall-runoff model to predict effects of land use change on hydrological response. 
The effects of terrain properties are captured by the lumped rainfall-runoff model. Other 
effects, such as the spatial variability of land use change, were considered not to be 
testable and so were not structured into the modelling. As mentioned in Chapter 5, 
explicitly considering the spatial distribution of land cover for each new scenario would 
require development of rules for applying land cover changes within the catchment. It 
was deemed that the additional complexity this would require was not warranted. 
6.1 The IHACRES Model 
The regionalisation technique applied to the Mae Chaem catchment in this chapter is 
based upon the IHACRES rainfall-runoff model (Jakeman et al., 1990; Jakeman and 
Hornberger, 1993). The model is a hybrid empirical/conceptual model that consists of a 
non-linear loss module which converts rainfall to effective rainfall and a linear routing 
model that converts the effective rainfall to streamflow (Figure 6.1). 
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Rainfall (rk) Non-linear Effective 
Temperature (h) loss module 
Linear 
Routing 
Module 
(a) 
(b) 
Non-linear loss module 
r(k) U(k)=r(k).(s(k)+s(k-1))/2 
t(k) s(k)=c.r(k)+(l-(lh:w(t(k))). s(k-1) 
'tw(t(k))=cw.exp(20f-t(k).f) 
Quick flow component 
Xq(k)= -Clq.Xq(k·l)+pq.U(k) 
Linear routing model 
Slow flow component 
x,(k)= -a,.x,(k-1)+p,.u(k) 
Figure 6.1. The IHACRES model; (a) the general model structure, and (b) model structure 
implemented within this thesis. Parameters have no time subscript k. 
In the non-linear loss module, an antecedent precipitation index, Sk, is calculated at each 
time step as 
(6.1) 
where c is the volumetric storage coefficient and is defined such that the total volume of 
modelled effective rainfall is equal to the total volume of observed streamflow. The 
variable rw(tk) is the time constant in days of catchment losses at daily mean 
temperature, tk (°C), according to 
(6.2) 
In Equation 6.2, the parameter 'Z;,v is the time constant of catchment losses at 20°C and f 
describes the effect of a unit change in temperature on the loss rate. From here, 
effective rainfall is calculated according to 
(6.3) 
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The linear module is represented as a configuration of storages, the precise 
structure of which is identified from the rainfall-discharge data (e.g. Jakeman et al., 
1990). The identified configuration for all instrumented catchments in the Mae Chaem 
is two storages in parallel. This representation is given by 
(6.4) 
where Qk is streamflow for time step k, and a1, a2, bo and h are coefficients. The 
parallel storages equate to quick flow and slow flow pathways. Total streamflow 
recession is a superposition of the exponential decay functions for the quick and slow 
flow components. The quick and slow flow store time constants, 'Cq and rs, and the 
relative volumetric throughput, (vq=l-vs), are used to define the exponential decay 
functions. These flow volume components are functions of the coefficients a1, a2, bo, 
and b1 in equation 6.4 and are calculated according to Equations 6.5 to 6.10. 
(6.5) 
where (6.6) 
and /Jq = ( b1 - bo X aq) (6.7) 
a,-aq 
/J, 
v =--·-
s 1 +as 
(6.8) 
where (6.9) 
and (6.10) 
The IHACRES model assumes that the partitioning of effective rainfall into quick and 
slow flow components is constant and thus does not depend on rainfall amount or 
intensity or catchment condition. This assumption is inherent in any rainfall-runoff 
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model incorporating a constant unit hydrograph approach. In the regionalisation 
technique presented in Section 6.2.2, this assumption is relaxed for catchment condition 
by scaling Vs and Vq for application to different catchments or the same catchment under 
different catchment conditions. 
6.2 Regionalisation of Hydrologic Response 
6.2.1 Purpose and Rationale 
The hydrological module was developed to serve two purposes: (a) to explore impacts 
of land use change on hydrological response, and (b) to provide a means of estimating 
hydrologic response in ungauged catchments. The latter point is a major hurdle in water 
resource analyses in regions like northern Thailand where there is a dearth of stream 
gauge instrumentation or where assessment of water availability is required as input to 
agricultural production models at locations between gauging sites. 
The methodology adapted here is a scaling and partitioning one. It invokes scaling of 
the volumetric storage coefficient, c, of the IHACRES model for a calibrated reference 
catchment according to forest cover and catchment area, and repartitioning flow 
between the quick and slow flow component volumes according to forest cover. The 
IHACRES model is used to calibrate streamflow for the reference (or gauged) 
catchment under the current land cover. The CATCHCROP model is used to partition 
discharge between surface runoff (RO) and deep drainage (DD) based on the catchment 
area of forest and fallow under the current land use and for the scenario (Appendix 7). 
The rationale behind the approach is that 
• it is simple and is based on the most accepted understanding of hydrology in the 
tropical and sub-tropical regions (i.e. the approach is physically plausible) 
• it does not rely on intensive data sets, and 
• it utilises a crop model - which was a necessary tool in itself for the Biophysical 
Toolbox that can readily be integrated with the scaling and partitioning 
methodology. 
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The CATCHCROP model is required to estimate the change in surface runoff and deep 
drainage under a new forest cover scenario, relative to the forest cover conditions for 
which the rainfall-runoff model was calibrated. Being a hybrid empirical/conceptual 
model that does not explicitly represent the effect of vegetation on hydrologic response, 
IHACRES can not be used directly to partition effective rainfall into surface runoff and 
deep drainage under different catchment conditions to those for which the model was 
calibrated. To do this, relationships between catchment characteristics, in this case 
forest cover area, and lHACRES model parameters need to be developed. This requires 
a number of gauged catchments with either a range in the total forest area between 
catchments or significant change in forest cover area over the period of the discharge 
records. In the absence of sufficient data with which to develop such relationships, 
linking the CATCHCROP model with parameters of the IHACRES model is a 
relatively simple means, firstly, to explore the possible changes in hydrologic response 
to broad land cover change and, secondly, to estimate discharge in ungauged 
watersheds. The plausibility of this approach is demonstrated in Sections 6.2.6 and 
6.2.7. 
6.2.2 Method 
The crop model CATCHCROP is run for a period for both forest and fallow on all land 
units in both the reference (gauged) and model (ungauged) catchments to generate 
estimates of surface runoff (RO) and deep drainage (DD). Once estimates of RO and 
DD under forest and fallow have been generated for each of the n land unit types in the 
reference and modelled catchments, the lumped catchment estimates (in mm) are 
calculated according to: 
( n J n X"'= "\""' f,mX.f,111+( m_ f,m)Xc,m ;"\""' m L...i alu lu alu alu . lu L...i alu 
fu~ fu~ 
(6.11) 
where X'11 is RO or DD in catchment m, Xi/ /11 is the runoff or deep drainage for forest on 
land unit type lu, a1/ 111 is the forested area of land unit type lu in catchment m, a1u 111 is the 
total area of land unit type lu in catchment m .. X1u'" 111 is the RO or DD for non-forested 
land cover on land unit type lu. The sum of the area of all n land unit types is equal to 
the total catchment area. 
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The volumetric storage coefficient, c, obtained from the calibration of the non-linear 
loss module of IHACRES is scaled according to the relative change in (RO+DD). That 
is, an increase of 10% in (RO+DD) under a new land cover scenario results in an 
increase in the c parameter value of 10%. Prediction of hydrologic response in 
ungauged catchments uses a similar procedure to prediction of streamflow under forest 
cover changes. However, in this case, the c parameter value is also scaled according to 
the ratios of the area of the gauged (ag) to ungauged (au) catchments. The assumption 
here is that c is proportional to a x (RO+DD) for both catchments, hence the relation 
between the storage coefficient Cu for the ungauged catchment and cg for the gauged or 
reference catchment is 
- [a"](ROu +DDu) Cu-Cg -
ag ROg +DDg 
(6.12) 
The assumption in Equation 6.12 is that the total discharge is equal to the surface runoff 
plus deep drainage; that is, there is no net subsurface flow exiting subcatchments of the 
Mae Chaem catchment. 
The quick and slow flow partitioning in the linear module is also recalculated for 
predicting hydrological response in ungauged catchments. The slow flow volume 
component, Vs, is assumed proportional to DD (Equation 6.13) and the quick flow 
volume component, Vq, is assumed proportional to RO (Equation 6.14). This 
methodology may tend to over-estimate the sensitivity of Vq and Vs to forest cover. The 
CATCHCROP model outputs RO and DD at the plot scale whereas Vq and Vs are 
catchment scale parameters. The assumption is that all surface runoff generated at the 
plot enters the stream network as surface runoff and thus contributes to the vq 
component of streamflow. The procedure additionally neglects any infiltration along the 
channel bed that may contribute to slow flow. The relevant equations are 
Vs, u = Vs, { ~~:) 
Vq, u = Vq, g( ROu) 
ROg 
(6.13) 
(6.14) 
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flow components are normalised to ensure v~.u is equal to 
1. 
The resulting b0 and b1 parameter values in Equation 6.4 need to be calculated as 
(6.15) 
(6.16) 
Streamflow is then simulated using the re-calculated c parameter and b parameters. All 
other parameters calibrated for the reference catchment are assumed to be the same for 
the ungauged catchment. In this method, therefore, no attempt was made to adjust for 
changes in the 'a' parameters in Equation 6.4, or equivalently the recession rates (aq, 
as) of the quick and slow flow stores. 
Studies of the impact of deforestation on streamflow yield have often shown conflicting 
responses, particularly with respect to the effect of deforestation on dry season flow 
rates. In general, removal of forest cover reduces the amount of water lost through 
evapotranspiration, thus increasing the volume of water that can contribute to runoff. 
This initial increase in runoff depends in part on the ability of the replacement 
vegetation cover to transpire. Apart from affecting the total annual yield, forests impact 
on the hydrological regime in other ways. Bruijnzeel (1990) noted that the proportion of 
streamflow in the dry season relative to wet season flows is regularly higher under 
forest compared with other vegetation covers due to higher percolation of water into the 
soil surface. Under non-forest vegetation covers, infiltration in to the soil surface may 
decrease through compaction of the soil surface. The simple regionalisation procedure 
presented in this chapter attempts to capture this behaviour by linking estimates of 
surface runoff and percolation under forest and non-forest covers, obtained using the 
CATCHCROP model, to parameters of the IHACRES rainfall-runoff model. 
6.2.3 Assumptions 
Several assumptions are employed in this methodology and can be summarised as 
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• forest type is considered as one type (i.e. there is no distinction between 
deciduous and evergreen forest types). hydrologic response is given by the crop 
model forest given Appendix 4 
• to generate predictions of natural streamflow (i.e. pnor to irrigation 
abstractions), land uses other than forest can be represented by fallow in the 
crop model 
• there is no net subsurface flow exiting subcatchments (as subsurface flow) of the 
Mae Chaern catchment (Equation 6.12) 
• slow flow volume, Vs, is assumed to be dominated by percolation or deep 
drainage (Equation 6.13), and 
• quick flow volume, vq, is assumed to be dominated by surface runoff (Equation 
6.14). 
The premise of the regionalisation procedure is that catchment scale Vs and vq are 
directly related to plot scale RO and DD. This then assumes that there is no interaction 
between RO and DD at the catchment scale. That is, all surface runoff remains surface 
runoff and enters the stream network as quick flow and that the channel network is 
impervious and no water infiltrates and contributes to slow flow. More realistically, 
some of the increased RO would contribute to the slow flow volume component. Either 
surface runoff generated on a plot could infiltrate into the soil surface downslope or the 
river network could be leaky and water could infiltrate the channel surface. Hence, Vs 
could be represented as (Equation 6.17): 
Vs, u = Vs, { ~~:) > where 0 < x ~ 1 (6.17) 
Determination of the appropriate value of x would require measurement of the leakiness 
of the channel bed or the mean proportion of runoff generated on the plot scale that 
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enters the stream network as overland flow. In the absence of data to characterise this 
behaviour, the exponent Equation 6.17 was set to unity. 
6.2.4 Inputs to Regionalisation 
6.2.4.1 Landscape Attributes 
Land units were provided for four subcatchments of Mae Chaem catchment, 
including the ungauged Mae Uam subcatchment where the sensitivity of the hydrology 
model to land cover changes is explored in Section 6.2.8 (See Figure 2.13 in Chapter 2). 
In the testing of the regionalisation procedure, assumptions regarding the area of land 
units within subcatchments where no land unit information existed were made based on 
the class of slope and the soil type. Soil texture was assumed to be clayey soils, and 
slope was split into three classes: 
• low slopes (less than 16°) 
• medium slopes (from 16° to 35°) 
• steep slopes (greater than 35°) 
For those catchments where no land unit information existed, the land units were then 
classed as land units 45, 47 and 49 respectively [Table 2.8 in Chapter 2]. These land 
units are dominant in many of the subcatchments for which land unit information was 
provided. This assumption is addressed in Section 6.2.6.5. Soil specific parameters 
used in CATCHCROP were determined by Perez et al. (2002) based on data and 
information from Kuneepong et al. (1990) and Allen et al. (1998). Additionally, the 
impact of the infiltration parameter used in the CATCHCROP model on the 
regionalisation procedure is tested in Section 6.2.6.6. 
6.2.4.2 Rainfall Inputs 
Daily precipitation inputs to the hydrology model were generated as described briefly in 
Chapter 2 and in detail in Appendix 2. Given a lack of temperature data for the 
catchment, similar interpolation techniques to generate temperature surfaces and series 
for the subcatchments could not be undertaken. Daily temperature data recorded at 
Kong Kan were used for the Kong Kan and Huai Phung catchments, while data 
measured at Mae Mu were used in the Mae Mu catchment and Mae Uam. Both these 
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data sets should provide the correct pattern of temperature change because temperature 
tends to vary with height. The magnitude of changes can be subsumed in the constants 
in the loss module oflHACRES. 
6.2.5 Calibration of the IHACRES Rainfall-Runoff Model 
Model calibrations were performed for the Kong Kan and Huai Phung subcatchments 
over sub-periods during 1985-1994 and 1988-1994 for the Mae Mu. One year 
calibration periods covering the hydrological year (1st April through to 31st March) were 
selected. Ideally, calibrations should be performed over periods of two to three years, 
but given the small length of hydrologic series, shorter calibration periods were 
selected. The quality of the model calibration was estimated using the Nash-Sutcliffe 
efficiency, R2, and bias, B, or mean daily error in (m3/s): 
R2 =1- i=l (6.18) 
n I (y; - ymean)2 
i=l 
1 n 
B=- L(y';-y;) 
n i=I 
(6.19) 
where y; is observed streamflow at time step i, y'; is modelled streamflow at time step i, 
Ymean is the mean of the observed values, and n is the number of data points. 
The model parameters obtained for the calibration period with the best performance 
were used to predict flow in the 'ungauged' subcatchments. The model calibrations 
used in the regionalisation methodology are shown in Table 6.1. 
Table 6.1. Superior model calibrations for the four subcatchments in Mae Chaem [calibrations 
were performed for the hydrological year - 1st April to 31st March]. 
Year Rz Bias Tmax 'ZW Vq Vs c 
Kong Kan 1994 0.85 -1.32 3.0 38 0.23 0.77 0.00346 
Huai Phung 1991 0.75 -0.76 0.2 70 0.47 0.53 0.00103 
Mae Mu 1988 0.70 -0.03 1.7 20 0.30 0.70 0.00665 
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6.2.6 Predicting Flows in Ungauged Catchments 
The methodology was applied to subcatchments of the Mae Chaem catchment located in 
the Chiang Mai Province in northern Thailand (See Figure 2.13 in Chapter 2). Table 6.2 
shows some statistics for the subcatchment considered here. One subcatchment of the 
Mae Chaem, above Mae Pan Station, was excluded from this study as the discharge data 
for this station exceeded catchment rainfall, suggesting errors in either, or both, the 
rainfall or streamflow series. Because of difficulties in calibration and dubious data 
quality, the 94.5 km2 Mae Suk subcatchment was excluded from the study. The 
subcatchments are characterised by steep topography and are predominantly forested, 
the main land use being agriculture. A more detailed description of catchment 
characteristics was provided in Chapter 2. 
Table 6.2. Subcatchment characteristics for the study area. 
Subcatchment Area Mean Forest Mean runoff Long Term 
(km2) Slope(') Area Coefficient Mean Annual 
(km2) (1985-1994) Rain.fall (mm) 
Nam Mae Chaem at 2157 19 2024 0.23 1191 
Ban Kong Kan 
Nam Mae Chaem at 1180 19 1113 0.20 1214 
Ban Huai Phung 
Nan Mae Mu at Ban 68.5 14 65.0 0.34* 1362 
Mae Mu 
Note: * Average runoff coefficient calculated over 1988 to 1994 
6.2.6.1 Catchment of Reference - Kong Kan 
Model calibrations for the Kong Kan catchment are presented in Table 6.3. It gives R2 
and bias as well as values of the three key parameters. The performance of the 
calibrations over the chosen sub-periods shows reasonable consistency. No pattern was 
apparent in the change in vq and Vs in terms of varying with changes in forest cover. 
Between 1990 and 1994 there was, very little change in forest cover that could explain 
variations in the relative flow volume components. Calibration for the hydrological of 
year 1990 (April 1990 to March 1991) yields a low 't'w and a large relative flow volume 
component of quick flow. In this year, the hydrograph drops more rapidly than other 
years, reflecting the changes in vq and Vs (Figure 6.2). The model parameters obtained 
from the 1994 calibration of streamflow at Kong Kan were used within the 
regionalisation procedure to develop model parameters for the 'ungauged' catchments 
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and predict streamflow at Huai Phung and Mae Mu - as well as for simulating 
streamflow Kong Kan. The 1994 calibration year was selected to its superior R2 
calibration and reasonable bias. Another period that may have been 
acceptable was 1987 year, which R2 is 0.1 than 1994 
although bias is considerably improved. 
Table 6.3. Model calibration results for the Kong Kan catchment. 
Year RL Bias tw Vq Vs 
1985 0.70 -0.77 66 0.251 0.749 
1986 0.65 1.09 58 0.201 0.799 
1987 0.76 -0.38 66 0.214 0.786 
1988 0.80 -1.04 68 0.357 0.643 
1989 0.73 -1.26 68 0.172 0.828 
1990 0.76 -1.00 4 0.281 0.719 
1991 0.71 0.03 68 0.257 0.743 
1992 0.67 -2.15 28 0.675 0.325 
1993 0.69 -1.45 68 0.176 0.824 
1994 0.85 -1.32 38 0.228 0.772 
Model performance was generally reasonable for simulating the Kong Kan catchment 
over the period except for the 1987 /88 hydrological year (Tables 6.4 and 6.5; Figure 
6.2). The bias (in mm) in predicting Kong Kan ranges from 20 mm in 1985 (1.9% of 
annual rainfall) to 71 mm in 1991 (7 .1 % of annual rainfall). Regionalisation to Huai 
Phung is variable, with reasonable results in terms of R2 and bias between 1989 and 
1992 and poor statistics in other years (Tables 6.4 and 6.5). Figure 6.3 shows observed 
and predicted streamflow for Huai Phung. Regionalisation of Kong Kan parameters to 
the Huai Phung subcatchment results in a larger proportion of flow in a subcatchment 
under simulation being routed through the slow flow volume component than occurs in 
Huai Phung and hence baseflow is over-estimated (See Section 6.2.6.4). Regionalisation 
of data to predict streamflow in the Mae Mu subcatchment is reasonable in most years 
but less satisfactory in the 1990 and 1994 hydrologic years, which exhibit extremely 
poor values of R2 (-1.07 and -3.09 in 1990 and 1994) and considerable bias (96 mm and 
308 mm respectively) (Table 6.4 ). In the 1990 hydrological year, peak events are 
considerably over-estimated in the early part of the wet season but, at the end of the wet 
season, two large events are missed (Figure 6.4). Superior performance was obtained in 
the 1988 and 1991 hydro logic years. In Mae Mu, bias ranged from -15 mm in 1988 (1 % 
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of annual rainfall) to 96 mm in 1990 (7.1 % of annual rainfall) (Table 6.5). The effect of 
the regionalisation procedure on the quick and the slow flow components (vq and Vs) is 
illustrated in Table 6.6. 
Table 6.4. R2 value for simulations using Kong Kan 1994 calibration. 
Year Kong Kan HuaiPhung Mae Mu 
1985 0.75 -- --
1986 0.78 -- --
1987 -3.83 -- --
1988 0.74 0.17 0.72 
1989 0.48 0.70 0.53 
1990 0.79 0.40 -1.07 
1991 0.73 0.84 0.82 
1992 0.68 0.82 0.57 
1993 0.62 -0.19 0.44 
1994* 0.84 -4.84 -3.09 
Note: * 01/04/1994 to 30/11/1994 
Table 6.5. Bias values (in DlDl) for simulations using Kong Kan 1994 calibration. 
Year Kong Kan HuaiPhung Mae Mu 
1985 20 -- --
1986 24 -- --
1987 341 -- --
1988 57 109 -15 
1989 -38 62 32 
1990 34 45 96 
1991 71 4 -25 
1992 -22 52 74 
1993 36 62 -30 
1994 -25 326 388 
Table 6.6. Computed flow volume components (vq and v,) and the volumetric coefficient, c, for 
simulations using Kong Kan 1994 calibration. 
Kong Kan HuaiPhung Mae Mu 
DD 335 361 488 
RO 308 305 364 
Vq 0.23 0.21 0.30 
Vs 0.77 0.79 0.70 
c 0.1142 0.0658 0.0048 
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Figure 6.2. Observed and predicted streamflow for Kong Kan catchment using Kong Kan 1994 
calibration, and the error in modelled flow for the simulation period (1989-1994). 
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Figure 6.3. Observed streamflow and predicted streamflow for Huai Phung catchment using Kong 
Kan 1994 calibration, and the error in modelled flow for the simulation period. 
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Figure 6.4. Observed streamflow and predicted streamflow for Mae Mu catchment using Kong Kan 
1994 calibration, and the error in modelled flow for the simulation period. 
In all simulations, predictions for the 1987 /88 hydrological year are extremely poor. 
Similar behaviour can be seen in the following section. The rainfall inputs for the Kong 
Kan catchments were based on the raw data at Ban Kong Kan (see Chapter 2). In the 
1987 calendar year, increased rainfall of approximately 300 mm is not reflected in the 
streamflow - the runoff coefficient drops by approximately 10% compared with other 
years (using both the observed rainfall data and observed streamflow, and mean annual 
rainfall from the climate surface developed in Chapter 2 and observed streamflow). The 
selected calibrations were not representative of this year and hence simulations are 
particularly poor. 
6.2.6.2 Catchment of Reference - Huai Phung 
Table 6. 7 shows model calibration results for the Huai Phung subcatchment. The 
performance of the calibrations is reasonable in most calibration periods but is poorest 
in the 1990, 1993 and 1994 hydrological years. Considerable variation exists between 
years in terms of the quality of the calibration and the values of the model parameters 
Vq, Vs, and c. In particular, the 1993 and 1994 hydrologic years show a dramatic change 
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in the values of Vq and Vs from previous years. This is not likely due to catchment 
characteristics or the model structure, although may be due to changes in the quality of 
either the climate or hydrometric data. An increase in rainfall over this period is not 
reflected in the discharge data. Given the relatively robust performance of model 
calibrations over other years for the Huai Phung subcatchment as well as for the other 
test subcatchments, in addition to results from many other applications of IHACRES 
reported in the literature, the poor calibrations for the 1993 and 1994 hydrological years 
is not likely due to the model structure. 
Table 6.7. Model calibration results for the Huai Phung catchment. 
Year R:z Bias 'Zff, Vq Vs 
1988 0.623 -1.1 70 0.442 0.558 
1989 0.647 -0.4 70 0.448 0.552 
1990 0.52 -1.98 70 0.606 0.394 
1991 0.742 -0.76 70 0.47 0.53 
1992 0.662 -0.07 66 0.517 0.483 
1993 0.501 1.15 14 0.246 0.754 
1994 0.493 1.33 8 0.072 0.928 
The model parameters obtained from the 1991 calibration of the streamflow at Huai 
Phung were used in the regionalisation procedure to develop model parameters for the 
'ungauged' catchments - Kong Kan and Mae Mu. In addition, the calibrated 
parameters were used to simulate streamflow for Huai Phung over the entire rainfall 
record. The 1991 calibration parameters were selected due to the superior R2 obtained 
by the calibration and the reasonable bias (3rd smallest of all calibration periods). 
Simulations of streamflow in Huai Phung are extremely poor in the 1993 and 1994 
hydrological years. Otherwise, performance tends to be reasonable (Tables 6.8 and 6.9, 
Figure 6.6). As expected, the performance in regionalising the calibrated parameters to 
predict streamflow in Kong Kan is poorer than from simulating with parameters 
calibrated from Kong Kan (See Tables 6.8 and 6.9, Figure 6.5). The exceptions to this 
were in the 1989 and 1992 hydrological years where the increased quick flow 
component (vq in Table 6.10) predicted when regionalising from Huai Phung improved 
the R2 performance (0.35 to 0.61 and 0.68 to 0.86 in 1989 and 1992 respectively). 
Regionalising information from Huai Phung to Mae Mu is extremely poor with the best 
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performance between April 1988 and May 1989 (R2 = 0.46) (Tables 6.8 and 6.9, Figure 
6.7). 
Table 6.8. R2 values for simulations using Huai Phung 1991 calibration. 
Year Kong Kan Huai Phunf( Mae Mu 
1985 0.64 -- --
1986 0.59 -- --
1987 -6.84 -- --
1988 0.35 0.39 0.46 
1989 0.61 0.76 -0.64 
1990 0.61 0.45 -1.06 
1991 0.30 0.73 0.05 
1992 0.86 0.69 -0.62 
1993 0.36 0.12 0.15 
1994 0.91 -2.70 -5.91 
Table 6.9. Bias values (in mm) for simulations using Huai Phung 1991 calibration. 
Year Kong Kan HuaiPhung Mae Mu 
1985 53 -- --
1986 55 -- --
1987 396 -- --
1988 110 72 22 
1989 -4 19 120 
1990 81 4 152 
1991 112 -25 49 
1992 22 19 99 
1993 52 36 -54 
1994 25 258 505 
Regionalisation of calibrated parameters from the Huai Phung subcatchment results in a 
large proportion of flow in a subcatchment being routed through the quick flow 
components - considerably more than calibrated for each of the catchments (Compare 
Table 6.10 with Table 6.1). Consequently, regionalising from this catchment over-
estimates peak flows in all catchments except Huai Phung itself (Figures 6.5 to 6. 7). 
The results for this catchment illustrate the reliance of the regionalisation procedure on 
the initial calibration of the reference catchment or a problem with the regionalisation 
procedure. However, the procedure can not be improved without using recordings from 
more stream gauges in order to determine relationships between IHACRES parameters 
and catchment characteristics. 
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Table 6.10. Flow volume components (vq and v8 ) and volumetric coefficient, c, for simulations using 
Huai Phung 1991 calibration. 
Kong Kan HuaiPhung Mae Mu 
DD 335 361 364 
RO 308 305 487 
v,, 0.49 0.47 0.58 
Vs 0.51 0.53 0.42 
c 0.0274 0.0155 0.0012 
As with usmg the Kong Kan catchment as the catchment of reference, the 
regionalisation of Kong Kan streamflow from the Huai Phung catchment is extremely 
poor for the 1987 /88 hydrological year. Increases in rainfall over this period were not 
reflected in observed discharge over this period. Hence, poor R2 and bias were obtained 
over this period. 
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Figure 6.5. Observed streamflow and predicted streamflow for Kong Kan catchment using Huai 
Phung 1991 calibration, and error for the simulation period (1989-1993). 
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Figure 6.6. Observed streamflow and predicted streamflow for Huai Phung catchment using Huai 
Phung 1991 calibration, and error in modelled flow for the simulation period (1989-1993). 
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Figure 6.7. Observed streamflow and predicted streamflow for Mae Mu catchment using Huai 
Phung 1991 calibration, and error in modelled flow for the simulation period (1989-1993). 
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6.2.6.3 Catchment of Reference - Mae Mu 
Model calibrations for the Mae Mu catchment are presented in Table 6.11. The 
performance of the calibrations over the chosen sub-periods was generally consistent. 
Table 6.11. Model calibration results for the Mae Mu catchment. 
Year R:z Bias Tmax iw Vq Vs 
1988 0.695 -0003 17 20 0.297 0.703 
1989 0.378 -0.14 2 64 0.307 0.693 
1990 0.606 -0.11 24 8 0.168 0.832 
1991 0.578 0.03 43 56 0.247 0.753 
1992 0.589 0.07 7 16 0.255 0.745 
1993 0.498 -0.07 55 64 0.072 0.928 
1994 0.462 0.02 19 4 0.24 0.76 
The model parameters obtained from the 1988 calibration of the streamflow at Mae Mu 
were used in the regionalisation procedure to develop model parameters for the 
'ungauged' catchments - Kong Kan, and Huai Phung. Predicting Mae Mu streamflow 
from 1988 calibrated parameters had variable performance, with extremely poor 
performance in terms of R2 in most years with the exception of 1991(R2 =0.68) (Tables 
6.12 and 6.13, Figure 6.8). In contrast, regionalising data from Mae Mu to Kong Kan is 
reasonable in most years with the exception of 1993 where R2 is 0.23 (Tables 6.12 and 
6.13, Figure 6.9). The results from regionalising data from Mae Mu to Huai Phung fall 
between Mae Mu and Kong Kan in terms of performance statistics (Tables 6.12 and 
6.13, Figure 6.10). The flow volume components and regionalised model parameters are 
detailed in Table 6.14. 
Prediction of Kong Kan streamflow in the 1987/88 hydrological year is extremely poor. 
As discussed previously, increased rainfall of approximately 300 mm in this year is not 
reflected in the streamflow - the runoff coefficient drops by approximately 10% 
compared with other years. Hence, simulations of discharge were greatly over-
estimated. 
Figures 6.8 to 6.10 show predicted and observed daily streamflow using Mae Mu as the 
reference catchment. The peak flow events are generally underestimated for the Kong 
Kan catchment, with the exception of the 1987/1988 year, although streamflow in the 
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dry season is overestimated (Figure 6.8). The errors in discharge are large in the 
following year ( 1988/89) as baseflow is still largely over-estimated. 
Table 6.12. values for simulations using Mae Mu 1988 calibration. 
ear Kong Kan Huai Phung Mae Mu 
1985 0.72 -- --
1986 0.57 -- --
1987 -6.17 -- --
1988 0.23 -0.50 0.67 
1989 0.51 0.43 0.15 
1990 0.62 0.23 -2.19 
,__. 
1991 0.43 0.73 0.68 
1992 0.69 0.65 0.10 
1993 0.23 -0.87 0.40 
1994 0.85 -6.44 -4.53 
Table 6.13. Bias values (in for simulations using Mae Mu 1988 calibration. 
Year Kong Kan HuaiPhung Mae Mu 
1985 57 -- --
1986 70 -- --
1987 437 -- --
1988 132 166 69 
1989 15 137 144 
-
1990 92 123 214 
1991 128 58 53 
1992 32 111 157 
1993 80 101 22 
1994 11 384 464 
Table 6.14. Flow volume components (vq and vs) and volumetric coefficient, c, for simulations using 
Mae Mu 1988 calibration 
Kong Kan HuaiPhung Mae Mu 
DD 335 362 364 
RO 308 305 488 
Vq 0.22 0.20 0.30 
--
v, 0.78 0.80 0.70 
c 0.1339 0.0775 0.0056 
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Figure 6.8. Observed streamflow and predicted streamflow for Kong Kan catchment using Mae Mu 
1988 calibration, and error in modelled flow for the simulation period (1988-1993). 
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Figure 6.9. Observed streamflow and predicted streamflow for Mae Mu catchment using Mae Mu 
1988 calibration, and the error in modelled flow for the simulation period (1988-1993). 
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Figure 6.10. Observed streamflow and predicted streamflow for Huai Phung catchment using Mae 
Mu 1988 calibration, and the error in modelled flow for the simulation period (1988-1993). 
6.2.6.4 Summary of the Performance of the Regionalisation Procedure 
In summary, the regionalisation procedure produces variable results. The procedure 
generally overestimates annual, wet season and dry season discharge (Figures 6.11 to 
6.13). In relative terms, the procedure seems capable of predicting flow features when 
regionalising to Kong Kan from Mae Mu and when simulating Kong Kan using Kong 
Kan parameters calibrated in 1994. This is more so in the estimates of dry season and 
annual discharge than in the wet season. The trend of increasing discharge with 
increasing rainfall has similar slope to the 1: 1 line although annual discharge estimates 
are over-estimated approximately 20% when simulating from Kong Kan and between 
5% and 50% when regionalising from Mae Mu. In the wet season, however, the trend is 
not parallel with the 1: 1 line when predicting discharge in both Mae Mu and Kong Kan. 
Regionalised predictions of discharge for the Huai Phung catchment are of variable 
performance. The procedure is extremely poor using all reference catchments in the dry 
season for Huai Phung (Figure 6.12). Neither the magnitude nor the relative flow 
patterns are captured. In the wet and dry seasons, the relative increase in discharge with 
increasing rainfall is improved, although the magnitude of the discharge is still 
overestimated. 
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Figure 6.11. Observed versus predicted annual, wet season and dry season discharge for Kong Kan 
using Kong Kan 1994 calibrated parameters ( +) and regionalised parameters from the Mae Mu 
catchment ( • ), Huai Phung ( 6 ). Trendlines for each regionalisation are included. 
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Figure 6.12. Observed versus predicted annual, wet season and dry season discharge for Huai 
Phung using Huai Phung 1991 calibrated parameters(~) and regionalised parameters from the 
Mae Mu catchment ( • ), Kong Kan ( + ). Trendlines for each regionalisation are included. 
Chapter 6: A method for predicting hydrologic response under forest cover changes 
-~ 
= 
= 
= ~ 
"C 
~ 
-
u 
.... 
"C 
~ 
~ 
~ 
= 0 
'J). 
~ 
~ 
'J). 
-~ ~ 
"C QJ 
-
u 
.... 
"C QJ 
~ 
~ 
600 
,__ 
'J). 
~500 
e 
= u _.. 
~400 
~ 
~ 
~ 
..c 
u 
.;a 300 
"C 
,__ 
'J). 
u 
~ 
e 
= u _.. 
QJ 
~ 
~ 
~ 
..c 
u 
'J). 
.... 
"C 
200 
200 
400 
350 
300 
250 
200 
150 
... 
• 
t. 
Mae Mu Annual Discharge 
• 
....• 
.. 
. . 
.. 
• kk 
• .. . . 
t. hp 
• mm 
--1:1 
- - - - - - - Linear (kk) 
- - - - - - - Linear (hp) 
- - - - - - - Linear (mm) 
300 400 500 600 
Observed annual discharge (cumecs) 
Mae Mu Wet Season 
• kk 
t. hp 
• mm 
--1:1 
- - - - - - - Linear (kk) 
- - - - - - - Linear (hp) 
- - - - - - - Linear (mm) 
loo-.JL:~~---...-~~-----.,~~~-,--~~-,-~~-==;::::=====:::;======-i 
100 150 200 250 300 350 400 450 
Observed wet season discharge ( cumecs) 
Mae Mu Dry Season Discharge 
200 ---.--~---~--~~~~-~~--~-~~~~~~--,,, 
• kk t. hp 
. .. 
150 
• mm ---1:1 
- - - - - - - Linear (kk) - - - - - - - Linear (hp) 
- - - - - - - Linear (mm) 
.• 
.~ -. 
. -·· 
. .. .. 
100 
• 
t. - • ·i · -. . . .. t. 
.. -.. . . 
...... 
.t. •• - -
.!,.· 
50 
0 50 100 150 200 
Observed dry season discharge ( cumecs) 
167 
Figure 6.13. Observed versus predicted annual, wet season and dry season discharge for Mae Mu 
using Mae Mu 1988 calibrated parameters (e) and regionalised parameters from the Kong Kan 
catchment(+), Huai Phung (D.). Trendlines for each regionalisation are included. 
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Generally, procedure appears capable of representing features. This 
is a major requirement for Biophysical Toolbox. It suggests the procedure is 
capable discriminating between catchments and is sensitive (in the right manner) to 
changes in climate from year to year. The procedure should thus be capable of 
distinguishing between scenarios of forest cover and climate and, although not yet 
accurate on the magnitude of discharge, appears capable of showing relative changes in 
discharge between scenarios. The procedure is, however, dependent on the quality of 
the calibration of model parameters for the reference catchment. This is intimated by 
looking at the Huai Phung catchment. Compared with Mae Mu and Kong Kan, 
calibrations for this catchment consistently partitioned considerably more flow into the 
quick flow component (vq usually between 0.4 and 0.5). All subcatchments have similar 
topography and (due to the assumptions) land unit distribution, so catchment estimates 
of surface runoff and deep drainage are similar (particularly between Huai Phung and 
Kong Kan). Regionalising model parameters calibrated for Huai Phung to both the 
Kong Kan and Mae Mu catchments results in an estimated Vq that is considerably higher 
than that calibrated for either test catchment. This results in a much large proportion of 
streamflow entering the quick flow component of streamflow than calibrated using 
observed data. In the same manner, the different calibrations could considerably affect 
the results of the regionalisation procedure. 
6.2.6.5 Sensitivity of Model Outputs to Assumptions of Land Unit Soil Types 
As described in Section 6.2.3, assumptions had to be made regarding the area of land 
units used within the regionalisation procedure. These assumptions were based on slope 
and soil texture. The results to date have considered the soil texture of the land units to 
be clay. Table 6.15 shows the performance statistics of the regionalisation procedure in 
predicting Huai Phung from Kong Kan calibrated parameters when soils in the Huai 
Phung catchment are considered first as dominated by clayey soils and then as loamy 
soils. Generally, marginally improved performance was achieved with CATCHCROP 
parameters for clayey soils in most years with significant improvement in 1992 (Table 
6.15). The soil parameters chosen for the CATCHCROP model (TAW, TEW, REW, IS, 
SD, CS) impacted severely on the catchment estimates of deep drainage and surface 
runoff - increasing deep drainage for loamy soil compared with clayey soils - and 
hence markedly increasing Vs (Table 6.16). No significant change was observed in 
DD+RO only in the distribution of water between DD and RO. This corresponds to 
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minimal change in terms of annual discharge (approximately 1 % ), a decrease in the 
computed quick flow volume (and hence decrease in wet season flows) of 5%, and a 
resultant increase in dry season discharge of 14% on average (Table 6.17). These 
results suggest that the regionalisation procedure may be over-sensitive to components 
of the CATCHCROP model, particularly those parameters relating to the soil 
components. This indicates a focus for further sensitivity analysis of models 
incorporated in the Biophysical Toolbox, and the interactions between models. Further 
analysis of the sensitivity of the hydrological model to CATCHCROP parameters 1s 
provided in Section 6.2.8. 
Table 6.15. R2 and bias (in mm) values for simulating Huai Phung from the Kong Kan 1994 
calibrated parameters. The assumptions in the land unit types detailed in Section 6.2.4.1 were 
tested by comparing model outputs for the Huai Phung catchment assuming clayey soils (land units 
45, 47 and 49) and those with loamy soils (land units 23, 25 and 27). Assumptions regarding Kong 
Kan land unit types were not changed. 
Year Clay Loam 
Rz Bias R2 Bias 
1988 0.17 109 0.13 109 
1989 0.70 62 0.71 66 
1990 0.40 45 0.44 49 
1991 0.84 4 0.79 6 
1992 0.82 52 0.69 55 
1993 -0.19 62 -0.30 62 
Table 6.16. Comparison of computed flow volume components (vq and Vs) and the volumetric 
coefficient, c, for simulating Huai Phung flow discharge under the land unit assumptions (clayey 
versus loamy soils). 
Year Clay Loam 
DD 361 535 
RO 305 134 
Va 0.21 0.08 
Vs 0.79 0.92 
c 0.0658 0.0655 
Table 6.17. Comparison of predicted annual (hydrological year), wet season and dry season 
discharge for the Huai Phung catchment under clayey versus loamy soils. 
Year Clay ·Loam 
Year Wet Dry Year Wet Dry 
1988 4882 3445 1437 4893 3246 1647 
1989 4544 3360 1184 4601 3208 1393 
1990 4618 3535 1083 4673 3446 1227 
1991 3220 2048 1172 3253 1951 1302 
1992 3804 2719 1085 3846 2587 1259 
1993 2674 1716 958 2675 1597 1078 
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6.2.6.6 Sensitivity of Model Outputs to the CATCH CROP Infiltration Parameter 
In the parameterisation of the CATCHCROP model, the influence of crop management 
on infiltration (CC - see Chapter 3) is given as 3.0 under forest and 1.5 under fallow. 
Bruijnzeel (1990) noted that, if soil infiltration properties could be maintained following 
forest conversion, then the removal of forests could potentially increase dry season 
flows due to reduced evapotranspiration. To explore the impacts of maintaining soil 
infiltration within the CATCHCROP model on the outputs of the regionalisation 
procedure, the CC parameter under fallow conditions was perturbed in increments of 0.5 
from that originally used for fallow (CC = 1.5) to that of forest (CC = 3.0). The value 
of CC for fallow was varied for both the reference and simulation; that is, the 
regionalisation is based on the fractional change. The change in the infiltration 
parameter in the CATCHCROP model had little impact on the performance of the 
procedure in simulating Kong Kan using the Kong Kan 1994 calibrated parameters, in 
terms of R2 (Table 6.18) and bias in mm (Table 6.19). Increasing the infiltration 
parameter increases the catchment estimation of surface runoff and deep drainage - and 
hence the slow flow volume component - although there are minimal changes to the 
volumetric coefficient, c (Table 6.20). Predicted annual discharge volumes decrease by 
between 0.6-1 % and dry season volumes increase by approximately 1.5%, indicating 
that the hydrological procedure is not overly sensitive to the initial parameterisation of 
CC for fallow (CCx) in the CATCHCROP model (Figure 6.14). As the fractional change 
is what is being tested, however, large changes would not be expected with changes in 
the value of CC. The variations in Tables 6.18 to 6.20 reflect climate variations as 
opposed to the true impact of CC on model outputs. Additionally, no forest cover 
change was performed. If significant forest change were to have been simulated then 
more extreme impacts of varying CC would have been expected. The impact of the CC 
parameter is illustrated further in Section 6.2.8 where a more detailed analysis of the 
sensitivities of the hydro logic module to CATCHCROP parameters is undertaken. 
6.2. 7 Predicting Flows under Forest Cover Scenarios 
The influence of changes in forest cover on the quick and slow flow volume 
components of the IHACRES model and CATCHCROP output, and hence streamflow, 
are investigated for the 45.3 km2 Mae Uam subcatchment. The catchment is dominated 
by steeply sloping loamy soils in the upper catchment (land units 47 and 49) and gently 
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sloping paddy land and mid-sloping gravel soils in the lower catchment. Twelve 
scenarios of forest conversion were run to illustrate the effect of forest cover on the 
catchment estimates of DD and RO and hence the impact on the quick and slow flow 
volume components of the IHACRES model and predicted streamflow (Table 6.21). 
The net change in forest cover in Table 6.21 is the change in forest cover from that of 
1990 (scl) when forest cover is 90.4% of the catchment (scenario forest cover minus 
1990 cover). 
Table 6.18. R2 values for simulating Kong Kan discharge from the Kong Kan 1994 calibrated 
parameters with changes to the CC parameter. 
Year cc= 1.5 CC=2.0 CC=2.5 CC=3.0 
1985 0.75 0.76 0.76 0.77 
1986 0.78 0.78 0.79 0.79 
1988 0.74 0.75 0.75 0.75 
1989 0.48 0.49 0.49 0.50 
1990 0.79 0.79 0.80 0.80 
1991 0.73 0.74 0.74 0.74 
1992 0.68 0.67 0.66 0.66 
1993 0.62 0.63 0.64 0.64 
1994* 0.84 0.84 0.84 0.83 
Note:* 01/04/1994 to 30/11/1994 
Table 6.19. Bias values (in mm) for simulating Kong Kan discharge from the Kong Kan 1994 
calibrated parameters with changes to the CC parameter. 
Year CC=l.5 CC=2.0 CC=2.5 CC=3.0 
1985 20 19 18 18 
1986 24 24 23 23 
1988 57 56 56 56 
1989 -38 -40 -40 -40 
1990 34 33 32 32 
1991 71 69 69 68 
1992 -22 -24 -24 -24 
1993 36 35 35 34 
1994 -25 -28 -29 -30 
Table 6.20. Computed flow volume components (vq and v.) and the volumetric coefficient, c, for 
simulating Kong Kan discharge using the Kong Kan 1994 parameters with changes to CC. 
CC=l.5 CC=2.0 CC=2.5 CC=3.0 
DD 336 339 346 354 
RO 308 302 294 286 
Vq 0.23 0.22 0.21 0.21 
Vs 0.77 0.78 0.79 0.79 
c 0.1142 0.1136 0.1134 0.1133 
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Figure 6.14. Predicted discharge for Kong Kan when the value of CC under fallow (CCx) equals 1.5 [top] and the ratio of annual discharge for CCx [bottom] for (a) the 
hydrologic year (April to March), (b) the wet season and (c) the dry season. Calibrated parameters for Kong Kan in 1994 were used to predict discharge. 
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Table 6.21. Land cover scenarios and change in forest cover from 1990 in the Mae Uam 
subcatchment ('+' indicates afforestation). 
173 
Scenario Description Net change 
(%) 
scl 1990 forest cover --
sc2 100% forest cover on all land units +9.6 
sc3 0% forest cover on paddy fields (land units 88 and 99) -3.0 
sc4 70% forest cover on land units with slopes less than 16° +1.9 
(land units 23, 88, and 99) 
sc5 50% forest cover on land units with slopes less than 16° -0.6 
(land units 23, 88, and 99) 
sc6 70% on land unit 49 (slopes greater 35°) -13 
sc7 70% forest cover on land units with slopes less than 35° -8.1 
(land units 23, 25, 45, 47, 88, and 99) 
sc8 50% on land unit 49 (slopes greater 35°) -21.2 
sc9 70% on all land units -20.4 
sclO 50% forest cover on land units with slopes less than 35° -8.1 
(land units 23, 25, 45, 47, 88, and 99) 
sell 50 % on all land units -40.4 
sc12 0% on all land units -90.4 
Decreasing forest cover increases the catchment estimates of surface runoff whilst 
decreasing deep drainage for an average rainfall year of 1990 (Figure 6.15a). Given our 
assumption that the slow flow volume component of the IHACRES model, Vs, is 
dominant during the dry season - where the majority of streamflow derives from water 
that has percolated through the soil subsurface - deforestation increases the quick flow 
component, Vq, relative to the slow flow component, Vs (Figure 6.15b). With decreasing 
forest cover, increases are seen in the total annual discharge predicted by the procedure. 
The increase in annual discharge from 1990 land cover conditions (scl) to complete 
deforestation (sc12) corresponds to 1214 ML in the driest hydrological year (April 1989 
to March 1990) and 3592 ML in the wetter hydrological year of April 1985 to March 
1986. Table 6.22 illustrates the impact of forest cover on mean annual, wet season and 
dry season discharge under the same climatic series over the period 1985 to 1993. None 
of the gauged watersheds in the Mae Chaem catchment had a significant change in 
forest cover over the hydrologic period with which to verify or contradict the model 
behaviour to changes in forest cover. 
The increase in the quick flow volume (vq) with decreasing forest cover results in a 
peakier hydrograph with more rapid streamflow response to rainfall. Similarly, 
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decreases in the slow flow volume result in reduced flows in the dry season. This is 
illustrated in Figure 6.16 for a six month period (1/06/92 to 31/ll/92) for four of the 
scenarios presented in Table 6.22 (scl, sc9, scl 1 and scl2). For an event on 18th 
September, the difference in the peak flow between the two extreme scenarios is 1.96 
m3s-1 (scl - 2.2 m3s-1, sc9 - 2.65 m3s-1, sell - 3.05 m3s-1 and scl2 - 4.16 m3s-1). In a 
falling stage period (25th November), streamflow under scl2 forest cover yielded 
considerably lower streamflow than the other scenarios (scl - 0.14 m3s-', sc9 - 0.31 
m3s-1, scl 1 - 0.37 m3s-1 and sc12 - 0.43 m3s-1). 
Table 6.22. Percentage change from the 1990 land cover scenario (scl) for annual, wet season and 
dry season yields in the Mae Uam subcatchment (- indicated as the decrease from scl). Yields (in 
ML) are provided for scl. 
Scenario Annual Wet Season Dry Season 
scl 18271 13433 4838 
sc2 -1.2 -2.5 2.2 
sc3 0.3 0.3 0.4 
sc4 -0.2 -0.2 0.3 
sc5 0.1 0.3 -0.5 
sc6 2.4 4.5 -3.5 
sc7 2.3 4.0 -2.5 
sc8 3.9 7.4 -5.7 
sc9 3.2 8.4 -11.1 
sclO 2.3 8.3 -14.4 
sell 6.2 16.0 -21.1 
sc12 13.6 36.6 -50.2 
6.2.8 Sensitivity of the Hydrologic Module to CATCHCROP Soil and Crop 
Parameters 
The parameters identified as affecting CATCHCROP estimates of deep drainage and 
runoff were detailed in Chapter 3. Their values were varied to test the sensitivity of the 
hydrologic module to crop model parameters (Tables 6.23 and 6.24). The 
CATCH CROP parameters were systematically increased by increments of 0.1 between 
0.1and1.9 times the nominal parameter value, and the CATCHCROP model run for all 
land units under forest and fallow land cover to produce estimates of DD and RO for 
each land unit. The area of forest cover for all land units was taken as that for 1990 
while fallow was the total non-forest area. These estimates were then weighted by area 
and used to scale the IHACRES parameters Vq, Vs, and c. 
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Figure 6.15. Effect of forest cover change scenarios on (a) deep drainage (DD) and surface runoff 
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components. Total forest area under each scenario is also shown (x). 
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The catchment estimates of deep drainage and surface runoff, and hence Vq and Vs, are 
not very sensitive to the crop coefficient for a mature crop, KCend (Figure 6.17). An 
increase of approximately 10% in estimates of catchment deep drainage occurs, 
between 10% and 50% of the values of KCend for forest and fallow given in Table 
6.23, thus increasing the amount of flow allocated to the slow flow volume component. 
Other perturbations of KCend - between 60% and 190% of KCend - had minimal 
impact on catchment estimates of deep drainage (DD) and surface runoff (RO) and 
therefore Vq and Vs. 
Similarly, the sensitivity of the hydrological module to the initial root depth (RDini) of 
the crop is not high with no change evident in catchment estimates of surface runoff 
when RDini is changed (Figure 6.18). Deep drainage decreases from 236 mm to 205 
mm between 0.1 and 0.8 times the original RDini values prior to decreasing at a lower 
rate to 197 mm at 1.9 times the nominal RDini value. 
Table 6.23. CATCHCROP parameters that impact on the hydrologic module and the nominal 
value of the parameter under fallow and forest covers. 
Parameter Description Fallow Forest 
KC end Final crop coefficient 1.0 0.95 
RDini Initial root depth 200 200 
RDend Final root depth 1800 2000 
p The fraction of soil water that a crop can extract 0.7 0.5 
without suffering moisture 
cc A correction factor due to crop management 1.5 3 
TAW Total amount of water in the soil reservoir, that is 
available for crop evapotranspiration 
TEW Total amount of water available in the surface Parameter values 
reservoir, that is available for soil evaporation vary between 
REW Total amount of water available in the surface land units 
reservoir, that is readily available for soil 
evaporation 
IS Daily infiltration rate for a given type of soil 
SD Maximum soil depth above a limiting layer 
cs Slope correction factor (CS) 
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Table 6.24. Nominal parameter values for those soil parameters of CATCHCROP identified as 
impacting upon estimates of DD and RO. Values are provided for all land units in Mae Uam. 
Parameter Land unit 
23 25 45 47 49 88 99 
TAW 150 150 170 170 170 150 150 
TEW 30 30 35 35 35 30 30 
>---
REW 10 10 11 11 11 10 10 
IS 13 13 10 10 10 5 5 
>---· 
SD 1500 1000 1500 1000 1000 1500 1500 
cs 1.0 0.7 1.0 0.7 0.5 1.0 1.0 
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Changes to root depth at the latter stage of the crop's life (RDend) has a much greater 
effect on deep drainage between 0.1 and 0.5 x RDend, decreasing deep drainage from 
approximately 300 mm to 200 mm (Figure 6.19). Consequently, and Vs are affected 
considerably. The two flow components are similar at 10% of the original RDend but 
decrease and increase respectively to a limit at 140% of the nominal parameter value (to 
0.435 and 0.565 respectively). A similar pattern is seen in the sensitivity of the 
hydrological module to the parameter that describes the extent to which a crop can 
extract soil water without suffering stress (Figure 6.20). 
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Figure 6.19. Effect of perturbing RDend on catchment estimates of DD and RO and scaled 
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The CC parameter (Figure 6.21) has a significant effect on estimates of catchment deep 
drainage and RO derived surface runoff. Scaling CC between 0.3 to 1.9 of the nominal 
value results in estimates of surface runoff decreasing from 1000 mm (at 0.3 x CC) to 
approximately 200 mm (at 1.9 x CC). Conversely, deep drainage increases from 0 mm 
(at 0.3 x CC) to approximately 200 mm (at 1.9 x CC). Increasing CC results in an 
increase in the fraction of streamflow that appears in the quick flow component. That 
deep drainage increases yet Vs decreases is, at first sight, counter-intuitive. However, the 
CATCHCROP model is run for both fallow and forest and then weighted by area for 
both the reference and scenario forest covers to obtain catchment estimates of surface 
runoff and deep drainage. Both the reference and scenario cases have the scaling factor 
applied to them. The slow flow volume component, Vs, is scaled according to the ratio 
of the scenario to reference deep drainage estimates (see Equation 6.13). How Vs varies 
with changes to CC then depends on the way in which both the scenario and reference 
estimates of deep drainage vary. The sharp increase in Vq (and decrease in Vs) between 
1.1 and 1.2 times the nominal value of CC and the decrease in Vq (and increase in Vs) 
between 1.5 and 1.6 times CC are due to the interaction between CATCHCROP 
estimates of RO and DD for the reference and scenario conditions. 
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Figure 6.21. Effect of perturbing CC on catchment estimates of DD and RO and scaled estimates of 
Vs and Vq. 
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The amount of water evaporated from the soil and by crops is controlled by three 
parameters, TAW, TEW and REW (described in Table 6.24). Deep drainage is 
particularly sensitive to the Total Available Water (TAW), decreasing from above 522 
mm at low values of TAW (TAW = 15) to 115 at high values of TAW (TAW = 285) 
(Figure 6.22). Greater sensitivity is apparent at low values of TA W and consequently 
the scaled values of Vs and Vq are also more sensitive. In contrast, the hydrologic 
module is not as sensitive to either TEW or REW. A gentle increase in deep drainage 
and hence the distribution of streamflow into the slow flow component occurred, 
moving from small to large values of TEW (Figure 6.23). No changes to the catchment 
estimates of deep drainage and surface runoff as a result of changes in REW were 
observed (Figure 6.24). 
Similar patterns of sensitivity were observed for perturbations of the IS (Figure 6.25) 
and CS (Figure 6.26) parameters as were described for the CC parameter (Figure 6.21). 
Together, these three parameters control the infiltration of water into the soil surface. 
Lastly, perturbations of the SD parameter were performed. With the exception of 0.1 x 
SD to 0.2 x SD, a steady decline in deep drainage is observed in response to increasing 
SD, resulting in an increase in Vq and a decrease in Vs (Figure 6.27). 
700 
--····-········-
---------------------
0.6 ~ 
~ 0.5 ~ 
~ = - .. 
"' = 
0.4] 8.. 
'" 8 ~ 0 
C' "' ~ .. 
0.3 ~ § 
·~ i 
0.2 !;' 
~ 
0.1 i::.:: 
0+--+-~+~-+---+-~·~--1~-+---+-~+----+----+-~+--+---+~-+---+---+0 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 l.l 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 
Scaling Factor 
L. RO--DD·--- .. ·v.> "'11 
Figure 6.22. Effect of perturbing TA W on catchment estimates of DD and RO and scaled estimates 
ofv,. and Vq• 
Chapter 6: A method for predicting hydrologic response under forest cover changes 181 
700 0.7 
------------------------------- -
------------------
----------------
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 l.l 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 
Scaling Factor 
~0-DD-------vs 1.q I 
Figure 6.23. Effect of perturbing TEW on catchment estimates of DD and RO and scaled estimates 
ofv, and vq • 
700 -···-- ....... ................................................ _,, __________________ , ___ , ________ ~ 0.6 
&~~ ~ ~ s 0.5 s 
- = -cu ·~ rlJ 
.a 0 500 --- --- --- --- --- --- --- ..... - ........... ---·-. ---- .. ------ ------ ------ -------------- ------ --- --- --- --- --- --- - ~ 
fr~ 0.4 ~ = ~~ ~~ ~8m 1! 
JE ~~~ s~ _t,~ 
tlot300 ~§ 
!~ ~11 
5 1 200+---------------------------------~ ~ ~ ... ~ ~ ;~ s 
u - 100 Ql ~ 
0 --+--l--+·--+--+---1----f--+---+---+----l--+---+--+-----+O 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 l.l 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 
Scaling Factor 
c= RO --DD--·---· vs l.q I 
~--------------=-~-~-
Figure 6.24. Effect of perturbing REW on catchment estimates of DD and RO and scaled estimates 
ofv, and vq. 
Chapter 6: A method for predicting hydrologic response under forest cover changes 182 
1200 0.7 
0.3 0.4 0.5 0.6 0.7 0.8 0.9 l.l 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 
Scaling Factor 
Figure 6.25. Effect of perturbing IS on catchment estimates of DD and RO and scaled estimates of 
v. and vq. 
1200 0.7 
~ 
= 
0.6 
" -~ e 1000 0 c .s ! "tl ~ 0.5 
p. 0 
800 ~ 
= 
., i:¥: 
····----- .=: ., ~ 
----------
., 
"tl !:::: ----- -·--- - "' = !:= 0 0.4 "tl 0 
= 
··-. 
_ ...... ___ 
= 
p. 
"' 2 ·---------·· OS e 2:l 600 ~ 0 OS ., 
" ~ " ~ ., ~ 0.3 ~ e ~ " i :I ·a
= 
"' 400 
"tl C' ., 
= 0.2 
., 
e OS 
" 
.= s i ~ 6 200 <l u 0.1 i:¥: 
0 0 
0.3 0.4 0.5 0.6 0.7 0.8 0.9 l.l 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 
Scaling Factor 
[ RO--DD-·-----1.<3 i,ql 
~~--~~~--~--~---~~-'==========================-~--~~~~~~~~~~-~~ 
Figure 6.26. Effect of perturbing CS on catchment estimates of DD and RO and scaled estimates of 
Vs and Vq• 
Chapter 6: A method for predicting hydrologic response under forest cover changes 
700 
··-------·---
-----------------
0.6 ~ 
Ii: 
0+---+---1~-+--+~+--+--+~+--+---l~-+---+~+--+--+~+--+--+O 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 
Scaling Factor 
RO--DD ....... "" · · "'11 
183 
Figure 6.27. Effect of perturbing SD on catchment estimates of DD and RO and scaled estimates of 
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6.3 Concluding Remarks 
A methodology for predicting hydrologic response in gauged and ungauged catchments 
under forest cover changes has been presented in this chapter. The methodology is 
based on the IHACRES rainfall-runoff model and involves scaling the volumetric 
storage coefficient, c, and the quick flow and slow flow volume components of 
streamflow, vq and Vs respectively. The scaling is according to catchment estimates of 
surface runoff and deep drainage obtained from the CATCHCROP crop model. The 
procedure was developed to capture the effects of forests on hydrology, as summarised 
by Bruijnzeel ( 1990). That is, forests may increase the proportion of streamflow in the 
dry season relative to the wet season, while decreasing total streamflow, due to higher 
deep drainage than other vegetation cover types. 
Section 6.2.6 applied the regionalisation procedure presented in Section 6.2.2 to three 
gauged subcatchments of the Mae Chaem catchment in northern Thailand. Each 
catchment was calibrated and used to simulate streamflow in the catchment itself and 
predict streamflow in the other two catchments which were treated as if they were 
ungauged. Generally, the procedure over-estimated annual, wet season and dry season 
discharge. However, the results suggest that the procedure is capable of reproducing the 
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general flow features, particularly annual and dry season flows. The focus of the 
procedure was two-fold: 
• the predictive capacity in the dry season, and 
• relative predictive accuracy between years. 
The latter is imperative for decision support and for discriminating between scenarios 
and options. 
The results illustrate the problematic nature of regionalising hydrologic response in 
areas where there is relatively little information from gauged catchments that can be 
transferred to the catchment of interest. Data availability severely restricts the 
complexity of the procedure and the extent to which model behaviour can be verified. 
With this there is the risk that the regionalisation method simplifies important processes 
that affect runoff greatly and neglects other catchment characteristics that could 
potentially improve the performance of the methodology. However, the approach 
appears useful in, and capable of, providing users with a means of exploring hydrologic 
response to land cover scenarios. Additionally, it is not data intensive, a necessity for 
application to catchments such as the Mae Chaem. 
In sections 6.2.6.5 and 6.2.6.6, brief tests of the sensitivity of the hydrological output to 
the assumptions of land unit types and the CATCHCROP infiltration parameter (CC), 
were undertaken. To identify the impacts of the assumptions made regarding land unit 
types in the unmapped catchments, the regionalisation procedure was undertaken for the 
Huai Phung catchment using Kong Kan as the catchment of reference. The procedure 
was shown to be sensitive to soil type, particularly in the dry season. In the literature, it 
has been generally accepted that, if soil infiltration parameters are maintained following 
deforestation, then an increase in dry season flows may occur due to reduced 
evapotranspiration. To identify the effect of this on model outputs, the CATCHCROP 
parameter describing the influence of crop management on infiltration (CC) was varied 
for fallow conditions from the original value representing fallow conditions (CC= 1.5) 
in increments of 0.5 to that representing forest cover (CC = 3.0), while keeping the CC 
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parameter for forest constant. In terms of changes in discharge, varymg the CC 
parameter for fallow had minimal impact with decreases in annual discharge of the 
order of 0.6 to 1.0% and increases in dry season flows of approximately 1.5%. 
In Section 6.2.7, the effect of forest cover changes upon model outputs was examined. 
Twelve scenarios were considered, ranging from 100% forest to complete deforestation. 
As forest cover decreases, the proportion of streamflow volume in the quick flow 
component increases, thereby increasing annual and wet season discharge and reducing 
dry season discharge. The flow volume components, Vs and Vq, are strongly sensitive to 
changes in forest cover. It was not possible to verify the behaviour of the model under 
forest cover changes given limited data records (10 years) and small forest cover 
changes over the period of record. 
The analysis of the sensitivities of the hydro logic procedure presented in Section 6.2.8 
identified six main parameters in the CATCHCROP model as greatly controlling 
estimates of deep drainage and surface runoff. These parameters were 
• CC - higher values of CC increase deep drainage and decrease surface runoff. 
Vs decreases from slightly over 0.5 to approximately 0.65 as CC increases from 
0.1 x CC to 0.5 x CC 
• TA W - as the total available water in the soil reservoir for crop 
evapotranspiration increases, the amount of deep drainage (assumed equivalent 
to percolation) decreases, and this is matched by a decrease in the slow flow 
volume component 
• IS - increasing the daily rate of infiltration into the soil sees a similar response 
in deep drainage, runoff, and the quick and slow flow component volumes as 
observed for CC 
• CS - increasing CS shows a similar response in deep drainage, surface runoff, 
and the quick and slow flow component volumes as observed for CC and IS 
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• SD - the greater the maximum depth above a limiting layer the less the deep 
drainage because this allows the crop or vegetation covers to reach their 
maximum depth and extract more water, and 
• RDend - decreases in deep drainage between 0.1 x RDend and 0.5 x RDend are 
matched by an increase in Vq. 
Hence, perturbing these parameters propagated these sensitivities through to the 
calculation of Vs and Vq under the forest cover scenario used. This is explored further in 
Chapter 7. The model outputs were reasonably insensitive to KCend, RDini, P, TEW, 
and REW. 
Section 3 
A Biophysical Toolbox for the Assessment of Water 
Resource Options in Northern Thailand 
Paddy Fields 
Spatial and ~..t-~~~( 
temporal 
estimates of 
Upland Fields 
- crop water use 
- susceptibility to 
erosion (spatial I 
temporal) 
Above: Land unit distribution and location of nodes (red dots) in the 
Mae Uam subcatchment of the Mae Chaem. On paddy land units 
(yellow and light brown) a major focus is on the water consumption of 
crops. Upland fields (orange and green) are susceptible to elevated 
erosion rates under crops. 
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7 The Biophysical Toolbox 
In Chapters 3 to 6, the individual models that are incorporated in the Biophysical 
Toolbox were described, and testing of various aspects of model sensitivities was 
conducted. A number of issues were raised with each of these models and the issues are 
summarised below. 
In Chapter 3, a conceptual crop model, CATCHCROP, was applied to subcatchments of 
the Mae Chaem catchment. Despite the relative simplicity of the crop model, 19 model 
parameters are still required to drive the model (Appendices 1 and 4). Given difficulties 
in capturing the spatial heterogeneities of these parameters, there is potential for 
considerable uncertainty in the model outputs. Sensitivity analyses suggested that model 
outputs are strongly sensitive to a number of parameters. Yield was heavily dependent 
on YM, KY, KCini, and RDini, whilst deep drainage was largely influenced by CS, CC, 
TAW, SD, RDend and P. Surface runoff, calculated using the SCS (1972) methodology, 
was influenced by CC and CS in bunded plots in addition to IS in non-bunded plots. 
In Chapter 4, tests conducted using the erosion model showed that the choice of 
equation describing the topographic factor (LS) and, to a lesser degree, those describing 
rainfall erosivity (R) can considerably affect the estimates of potential erosion. The R 
factor applied by the Land Development Department in Thailand produces elevated 
estimates of soil erosion compared with the equation applied by Liengsakul et al. (1993) 
and NRC (1997). The original Wischmeier and Smith (1978) equation produces more 
extreme values of LS than the other two approaches when used in Thailand (a 4.5 factor 
of increase over the NRC (1997) and 15.6 factor increase over the Liengsakul et al. 
(1993) approach for the example in Chapter 4). The original equation was developed for 
low to mid sloping lands and hence is not suitable for a large proportion of the Mae 
Chaem catchment. The choice of equations is unlikely to affect the utility of the 
Biophysical Toolbox, where emphasis is placed on directional and relative changes 
between scenarios, and not absolutes. The USLE model is not linked with the hydrology 
and crop models in the Biophysical Toolbox and instead is a stand-alone model for 
predicting seasonal potential erosion rates. A more detailed sensitivity analysis of the 
erosion model than that presented in Chapter 4 is thus not warranted. 
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In Chapter 6, a hydrologic module was presented for predicting hydrologic response to 
changes in forest cover in gauged or ungauged catchments. The hydrologic module is 
sensitive to changes in many of the crop model parameters. The focus of the sensitivity 
analysis presented in Chapter 6 was on the impact of the CATCHCROP crop 
parameters on estimates of RO and DD, and the re-partitioning of streamflow between 
the relative quick and slow flow volume components Vq and Vs of IHACRES. No 
consideration was given to the effects of these perturbations on wet season, dry season, 
and annual discharge under forest cover and cropping scenarios. However, six 
parameters were identified as potentially affecting estimates of these discharge 
indicators to a large degree. These parameters were the infiltration parameters (CC, CS 
and IS), soil depth above a limiting layer (SD), the final root depth of forest and fallow 
(RDend), and the total available water in the soil reservoir (TA W). 
The results of testing undertaken in the previous chapters provide insight into potential 
issues when integrating these modules within the Biophysical Toolbox, namely issues 
of error and uncertainty propagation - particularly from the crop model through to the 
hydrologic module. Another issue requiring consideration when integrating models is 
the scale of inputs and outputs of the models. It is essential to ensure that model outputs 
from one model are at the correct temporal and spatial scales to be used as inputs to 
other models. This chapter looks at the Biophysical Toolbox as a whole and its use in 
running climate, deforestation, and other land use scenarios. It evaluates 
comprehensively the response of the toolbox (its output indicators and internal states) to 
changes in climate, season, forestry and land management combinations. The 
performance of the toolbox will demonstrate the plausibility of the toolbox's behaviour, 
although model performance is largely a reflection of model assumptions and 
interactions. The results will additionally provide a basis for future developers and 
model users to question the behaviour of the toolbox and make improvements. The 
chapter also examines the sensitivity of the model behaviour to model parameters in the 
toolbox. Identification of the key parameters and interactions in the Biophysical 
Toolbox will focus fieldwork and other work on estimating their values. Parameters will 
also be identified for which correct estimation is less important. 
Chapter 7: The Biophysical Toolbox 189 
7.1 Integrating Models in a Biophysical Toolbox 
Figure 7 .1 illustrates the interactions between the models contained in the Biophysical 
Toolbox. To explore issues concerning water resource management, a rainfall-runoff 
model is required to provide estimates of stream discharge. If the catchment is highly 
regulated, then a water storage component may be incorporated and available water for 
land uses determined by releases from the storage. In unregulated catchments this 
storage module is not required. The available water within the stream can then be used 
along with inputs of climate, soils and cropping information to estimate crop 
productivity and water use. The climate, soils and cropping information can additionally 
be used to provide estimates of sheet erosion in the catchments. The dashed lines in 
Figure 7 .1 show further interactions between models that could in future be 
incorporated to the Biophysical Toolbox - including explicit consideration of rainfall-
runoff processes in the erosion model and the impacts of erosion on crop productivity. 
These interactions are not currently employed in the Biophysical Toolbox. 
Land cover 
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1 J I stream Water storage 
:--1 Rainfall-Runoff --- discharge -----------.- highly regulated systems 
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l • 
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~ ~Climate 
: Soils 
' Crops planted 
Evaporation t 
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Seepage J 
downstream 
-------------------------------------• I Sheet Erosion I -4 Erosion rates/ loads 
Figure 7.1. A flow chart of the Biophysical Toolbox showing possible interactions between models 
within the Toolbox (dashed lines show interactions or modules not currently employed in the 
toolbox for applications to the Mae Chaem catchment). 
The toolbox implements a scenario-indicator approach whereby users can implement a 
number of scenarios and compare outputs of the models by looking at changes between 
the indicator sets. The types of indicators and scenarios implemented in the Biophysical 
Toolbox are discussed in the next two sections. The toolbox incorporates a nodal 
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structure, where nodes represent zones distinct activities and locations where 
indicators are computed. The common spatial scale the indicators is (residual) 
subcatchment a node in the river network Figure 7 .2 shows the 
locations of two nodes selected for of indicators and of upstream-
downstream subcatchment. Note that if a selected node i (e.g. 
node 2 Figure 7.2) has an upstream subcatchment j (e.g. node 1 Figure 7.2) nested 
within it, then the area of the smaller nested catchment down to node j in the river 
network is subtracted from the larger catchment at node i to provide the residual 
subcatchment area. 
The models in the Biophysical Toolbox operate at a number of spatial and temporal 
scales. Consider, for example, the Mae Uam subcatchment. It is an upland subcatchment 
with a large proportion of steeply sloping lands as well as paddy areas which are located 
in close proximity to the stream network (Figure 7.2). In paddy fields the dominant 
issue is crop water use, whereas in upland fields the susceptibility of agricultural fields 
to elevated erosion rates also becomes important. The crop and erosion models operate 
on a land unit basis and are defined by soil type and topography (see Section 2.1.2 in 
Chapter 2), where the models are applied to each land unit type within the node. No 
spatial variation within land units is considered within the model. The crop model 
operates on a 10 day time step and the erosion model is an annual model - although it 
has been applied in this thesis on a seasonal basis. The hydrology model, on the other 
hand, outputs lumped catchment estimates of daily discharge. In Mae Uam, these 
estimates were required at ungauged points in the subcatchment (nodes 1 and 2), so that 
the crop and hydrologic models could be linked. 
A maJor issue m linking vanous models in an integrated framework is that of the 
propagation of errors and uncertainties through the individual models. Interactions 
between the crop model and the hydrology model are the main point in the operation of 
the Biophysical Toolbox where errors can be propagated through the toolbox. There are 
two sources of feedback between the CATCHCROP and IHACRES models. Firstly, as 
was detailed in Chapter 6, the crop model is used to provide estimates of DD and RO 
under forest and fallow covers. These estimates are then used in the hydrologic module 
to predict changes in hydrologic response under forest cover change. This is the major 
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point of interaction in the Biophysical Toolbox where error propagation and increased 
uncertainty will occur. Secondly, if predicted stream:flow is less than the total crop 
water demand in a subcatchment, then any uncertainty in the parameters of IHACRES 
will be propagated through to irrigation estimates, and hence crop yields and water 
balance components. When total crop water demand exceeds the amount of water in the 
stream, the remaining streamflow is allocated to crops in an order specified by the user 
of the toolbox. Any sensitivity in the predicted streamflow to IHACRES parameters that 
may affect the amount of water in a 10 day period that is available to irrigate crops will 
potentially propagate through to the estimates of indicators in the CATCHCROP model 
(e.g. DEM, ETA and crop yields). The impact of these feedbacks on the sensitivity of 
the outputs of the Biophysical Toolbox to parameter values is discussed further in 
Section 7.5. 
Several assumptions were required to link the crop and hydrology models. Firstly, the 
amount of available water at a node could be applied to all land units in the catchment. 
This is most dubious for steep upland areas remote from the node location. Secondly, 
100% irrigation efficiency is assumed, although it would be simple to include an 
irrigation efficiency module in the Biophysical Toolbox if required, as long as 
information as to the efficiency of various irrigation types was known. 
Land Unit Area Forested 
(sq. km) Area (sq. km) 
- 23 2.40 1.76 D 25 3.39 3.01 
D 45 2.26 1.90 
Node2 D 47 13.83 13.2s 
D 49 20.23 19.12 
D 88 2.47 o.93 
Kilometres §] 99 0.79 0.42 
Figure 7 .2. Land unit distribution and location of nodes in the Mae Uam subcatchment at which 
outputs from the Biophysical Toolbox are provided. 
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7.2 Indicators 
The indicators evaluated by the Biophysical Toolbox can be summarised as: crop yield 
(t/ha), crop water demand (mm), irrigation (mm), streamflow (ML), residual streamflow 
(ML), gross erosion loads (t), and erosion rates for land units and crops (t/ha). 
The crop water demand is the total water over the growing season required to reach the 
potential evapotranspiration for a given crop (ETM). The irrigation indicator is the total 
irrigation (in mm) applied to a crop throughout the season. If the crop water demand 
does not exceed the amount of water available within the stream, then irrigation is the 
same as crop water demand. For this work, only surface water sources were used to 
irrigate crops. Other sources, such as shallow groundwater resources, were not 
considered. The streamflow indicator is the streamflow prior to irrigation abstractions. 
The residual streamflow indicator is the streamflow following abstractions for crop 
irrigations, assuming 100% irrigation efficiency. Streamflow and residual streamflow 
are aggregated up to wet season, dry season and annual volumes. 
7.3 Scenario Runs 
To illustrate the capacity of the Biophysical Toolbox in supporting decision-making, 
simulations were performed for two nodes in the Mae Uam subcatchment of the Mae 
Chaem catchment. The simulations are based on different scenarios for historical 
climate, forest cover changes and increased cultivation area. Cropping details for each 
land unit in the wet and dry seasons are provided in Table 7 .1. The base forest cover 
used in the scenario runs for nodes 1 and 2 in Mae Uam is provided in Table 7.2. The 
base scenario corresponds to the forest cover (see Section 2.2.5 in Chapter 2) provided 
by the National Research Council of Thailand for 1990. 
Figure 7 .3 illustrates the erosion, yield, and crop water demand for the wet and dry 
seasons and irrigation in the dry season for the 1990/1991 hydrological year for four 
crops. The general features of the wet and dry seasons are as follows. In the wet season 
agricultural fields are prone to elevated rates of erosion. In the dry season, erosion rates 
are not a concern. Of concern in the dry season is the availability of water for irrigation 
of crops. Note that, in the dry season, soybean and maize grain (Figure 7.3) were 
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irrigated. Hence, crop water demand (2:ETM - ET A) for the crops is not high, unlike the 
non-irrigated fallow. 
Table 7.1. Proportion of agricultural area cropped on land units 
Paddy Fields Upland Fields 
(Land Units 88, 99) (Land Units 23, 25, 45, 47, 49) 
Wet Season 88 and 99: 100% paddy rice 23 and 4 7: 50% maize 
25 and 45: 50% soybean 
49: 15% soybean 
Crops are fully irrigated on Non-irrigated crops; medium and low 
bunded plots, with medium fertilisation levels for maize and 
fertilisation levels and no extra soybean respectively; plots on land 
management units 23 and 25 are contour cultivated; 
no management practices are 
employed on land unit 45; arable land 
terraces are used on land unit 47; land 
unit 49 has strip cropping around 
contour plot 
Dry Season 88: 25% soybean 23 and 4 7: 10% maize 
99: 25% maize 25 and 45: 10% soybean 
49: no cropping 
Both crops are fully irrigated on Irrigated crops; medium and low 
bunded plots, with low fertilisation levels for maize and 
fertilisation levels for soybean soybean respectively; plots on land 
and medium fertilisation levels units 23 and 25 are contour cultivated; 
for maize arable land terraces are used on land 
units 45 and 49 
Table 7.2. 1990 forested area (km2) for land units and total land unit area (km2) in node 1 and node 
2ofMaeUam. 
Nodel Node2 
Land Unit 
Forest Total Forest Total 
23 0.00 0.00 1.76 2.40 
25 0.00 0.00 3.01 3.39 
45 1.70 2.01 0.20 0.24 
47 12.30 12.78 0.94 1.05 
49 15.95 16.22 3.78 4.01 
88 0.54 1.01 0.39 1.46 
99 0.37 0.66 0.06 0.13 
Total 30.86 32.68 10.14 12.68 
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Figure 7 .3. Changes in yield, erosion rates and water demand in the wet and dry seasons of the 
1990/1991 hydrological year. Annotations on each axis have the same increment as on the vertical 
axis 
7.3.1 Climate Scenarios 
Three climate scenarios were simulated corresponding to a 'normal' hydrologic year 
(1990/91 - 1240 mm of rainfall), a 'wet' year (1988/89 - 1322 mm of rainfall), and a 
'dry' year (1993/94 - 1026 mm of rainfall)_ The classification of wet, normal and dry 
was based on the mean annual rainfall for Mae U am (based on the rainfall surfaces 
discussed in Appendix 2) - not seasonal rainfall_ Three forest cover scenarios were 
considered: 1990 forest cover, a 30% decrease in forest cover from 1990 forest cover 
across all land units, and a 50% decrease in forest cover from 1990 forest cover across 
all land units. Figure 7 A illustrates the downstream impact, for node 2, of climate on 
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streamflow (ML), residual streamflow (streamflow after irrigation abstractions in ML) 
and crop water demand (mm). An increase in annual water demand from the agricultural 
area of approximately 70 ML is seen when simulating the 'dry scenario' (1993/94) 
compared with the 'wet scenario' (1988/89). The difference in annual rainfall between 
these two scenarios is 385 mm. 
Figure 7.5 illustrates the gross annual erosion load estimates from the agricultural area 
in the upstream node of Mae Uam (node 1). The same three forest cover change 
scenarios are considered. In the wet years, total erosion yields increase approximately 
linearly. The pronounced dry season of the 'normal' year has a considerably lower 
erosion rate compared with the other climate scenarios in the dry season. The wet 
seasons of the 'wet' and 'normal' year are similar in terms of precipitation, and this is 
reflected by similar erosion load estimates. 
The similarity between wet season precipitation in the 'wet' and 'normal' years is 
further illustrated in Table 7 .3. Here the impact of climate scenarios on the mean 
erosion rates (t/ha) and average crop yields (t/ha) under a given crop over all land units 
is shown. In all climate scenarios, rainfall is sufficient in the wet season that no 
significant differences in crop yield are seen between the scenarios. In the wet season, 
estimates of erosion rates and crop yields are similar between the 'wet' and 'normal' 
years. In contrast, the 'dry' year (1993) shows much lower rates of erosion in the wet 
season under soybean, maize and fallow compared with the other climate scenarios. In 
the dry season, the 'normal' scenario (using 1990 climate) has a more pronounced dry 
season than the other scenarios and thus has reduced rates of soil erosion in the dry 
season. Table 7 .3 additionally illustrates the susceptibility of the upland land units ( 45, 
47, and 49) to elevated levels of erosion under agricultural activities. The erosion rates 
for a particular crop on a land unit suggest that on most of the land units (with the 
exception of land unit 88 and 99) erosion rates are significant under most crops. The 
Land Development Department uses an annual threshold of 5 tonnes per rai (translating 
to 31.25 t/ha) as an acceptable annual level under crops. Consequently, this raises the 
possibility that many combinations of crops and management practices are likely to 
exceed this threshold. In particular, land unit 45 - where soybean was grown with no 
management practices in place to mitigate soil erosion - is particularly prone to erosion. 
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Although the steep land unit 49 is particularly prone to erosion, the management 
practice selected was strip cropping around contours - a practice that the model outputs 
suggest is sufficient to ensure that erosion rates are within the 'acceptable' rates of soil 
loss. 
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Figure 7.4. Impacts of climate scenarios on streamflow (ML), residual streamflow (ML), and crop 
water demand (mm) for the wet season (WS), dry seasons (DS) and as an annual (A) total for node 
2 of the Mae Uam subcatchment. 
Table 7.3. Summary of impacts of climate scenarios upon mean annual erosion rates (tlha) and 
average yields for crops (tlha) in node 1 [wet - wet season, dry - dry season]. 
Erosion (tlha) Crop Yields (tlha) 
Land Unit 
'dry' 'wet' 'normal' 'dry' 'wet' 'normal' 
wet dry wet dry wet dry 
45 37.3 48.4 48.3 2.0 1.7 2.0 1.7 2.0 1.9 
47 33.2 43.0 43.0 3.1 2.0 3.3 2.0 3.0 2.4 
49 19.1 24.8 24.8 1.9 -- 1.9 -- 1.9 --
88 0.01 0.02 0.02 3.6 1.7 3.5 1.7 3.4 1.9 
99 0.01 0.01 0.01 3.6 3.5 3.5 3.5 3.4 1.9 
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Figure 7.5. Gross erosion loads from agricultural fields in node 1 of the Mae Uam subcatchment 
under the 'wet', 'normal', and 'dry' year climate scenarios (all axes have the same scale). 
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7.3.1 Forest Conversion Scenarios 
A number of forest cover scenarios were run in the Biophysical Toolbox (Table 7.4). 
Here, all scenarios use the climate inputs for 1990. For the base forest cover scenario, 
the absolute values of erosion load, streamflow, residual strearnflow, and crop water 
demand indicators are shown in Table 7.5. Figures 7.6 to 7.9 show these indicators as a 
percentage of the base scenario for node 1. 
Table 7.4. Forest conversion scenarios. 
Code Description 
scl Base 1990 forest conditions 
sc2 30% decrease in forest cover on low sloping land units. 
sc3 30% decrease on low to mid sloping land units 
sc4 30% decrease on steeply sloping land units 
sc5 30% decrease across all land units 
sc6 50% decrease in forest cover on low sloping land units. 
sc7 50% decrease on low to mid sloping land units 
sc8 50% decrease on steeply sloping land units 
sc9 0% forest on low sloping land units 
Table 7.5. Key biophysical indicators under the base forest cover scenario (scl) for node 1 and node 
2 of the Mae Uam subcatchment. 
Erosion Total Streamflow Residual Crop Water 
(t/ha) (ML) Stream.flow (ML) Demand(mm) 
Node 1 
Wet season 43 10725 10378 589 
Dry season 2.1 2732 2671 339 
Annual 45 13457 13049 928 
Node2 
Wet season 74 14563 14043 646 
Dry season 4 3955 3864 524 
Annual 78 18518 17907 1170 
With deforestation there are extreme increases in the model's estimated gross annual 
erosion loads across all land units (Figure 7.6). Node 1 has more potential for erosion 
due to the high proportion of upland units, especially land unit 49, within the nodal area. 
Land unit 49 has been identified as particularly prone to erosion given its very steep 
slopes, and is not recommended for any land use other than natural forest (Kamron 
Saifuk, pers. comm). Despite more intensive agriculture being assigned to other land 
units (See Table 7 .1), the lower slopes counteract this and hence these land units are less 
prone to erosion than land unit 49. The areal extent of land units 47 and 49 in node 1 
means that a large area of forest is converted under the scenarios of 30% and 50% 
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reduction of forest on upland land units (sc4, sc5, and sc8). Fully utilising land units 88 
and 99, which commonly support paddy agriculture, did not dramatically increase 
erosion, because of the low areal extent of the land units in node 1 and their flat 
topography (sc9 in Table 7.4 and Figures 7.6 to 7.9). Land units 88 and 99 were also 
assumed to be bunded. 
There is a slight increase in annual and wet season streamflow at node 1 with all 
deforestation scenarios, up to 7.5% at sc5 (30% decrease across all land units), and a 
marked decrease in dry season streamflow (Figure 7.7). This decrease is most severe for 
sc5 (30% decrease across all land units) and sc7 (50% decrease on low to mid sloping 
land units), with dry season discharge decreasing by approximately 15-20%. At node 2, 
the reduction in dry season streamflow with deforestation scenarios (as a percentage of 
the base scenario, scl) is more extreme than predicted at node 1. Similar patterns are 
seen for residual streamflow (Figure 7.8) as for streamflow, although the relative 
increases in wet season and annual residual discharge at node 2 are not as large, because 
more water is extracted for irrigation purposes. For the more extreme deforestation 
scenarios (on the land units dominant in node 1), the large crop water demand greatly 
increases the irrigation extractions, thus reducing the residual discharge. Significant 
increases in crop water demand from agricultural areas are seen with more extreme 
deforestation (Figure 7.9). 
The decrease in dry season flows under a deforestation scenario is due to the difference 
in the value of the infiltration parameters between forest and non-forest vegetation 
covers. In this work, the parameter that describes the influence of crop management on 
infiltration (CC) was taken from Perez et al. (2002) and was set to 1.5 and 3.0 for fallow 
and forest respectively (See Appendix 4). From Equation 3.1 in Chapter 3, decreasing 
the value of this parameter increases the surface runoff calculated at each time-step. If 
the infiltration properties of the soil were maintained then the simulated surface runoff 
would remain constant despite forest conversion. Deep drainage, which is assumed to 
provide much of the water that contributes to dry season flows, is based on rainfall 
(RR), runoff (RO), irrigation (IR), soil water storage (SR), and the soil available water 
(SAW) at time-step i. Increasing RO decreases the deep drainage according to equation 
3.8. Scaling the Vs parameter of IHACRES by the ratio of DD under the deforestation 
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scenario to DD under the base scenario partitions a lesser volume of water into the slow 
flow component of stream flow. Hence dry season flows, which tend to be dominated 
by slow flow (or baseflow), are predicted to decrease with deforestation. 
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Figure 7.6. Changes in erosion for deforestation scenarios as: (a) total loads, and (b) as a percentage 
of the base scenario scl [WS - wet season, DS - dry season]. 
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Figure 7.7. Changes in streamflow for deforestation scenarios: (a) total streamflow in ML, and (b) 
as a percentage of the base scenario scl [WS - wet season, DS - dry season]. 
7.4 Crop and Land Management Combinations 
The toolbox can be used to estimate the values of indicators for each land unit type and 
relate these to specified thresholds in order to identify whether or not a crop or 
particular land use is suitable for a land unit. In this manner, the Biophysical Toolbox is 
of particular assistance to the Land Development Department in their land use planning 
activities. This section looks at the changes in indicators under different crop and land 
management combinations. The toolbox was run for a wide range of combinations of 
land units, crops and land management. Model parameters were taken from the 
previous chapters, which described and tested the individual models (Chapters 3, 4 and 
6). 
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Figure 7.8. Changes in residual streamflow for deforestation scenarios: (a) total residual discharge 
in ML, and (b) as a percentage of the base scenario scl [WS - wet season, DS - dry season]. 
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7.4.1 Effect on Crop Yields 
The effects of land management practices on crop yields in the wet season were tested 
for the following crops: paddy rice, upland rice, soybean, groundnut, maize (grain), 
maize (forage), cabbage, potato and onion. The combinations of land management 
options including fertility level, irrigation status and whether or not the plot is 
surrounded by bunds are shown in Table 7 .6. 
Figure 7.10 shows a plot of crop yields (in t/ha) for paddy nee under the land 
management combinations detailed in Table 7.6. The fertility level of the plot has a 
greater impact on the model outputs than whether or not the crop is rainfed or bunded. 
When the fertility of a plot is low the toolbox predicts yields of 2-3 t/ha increasing to 3-
4 t/ha for most combinations of medium fertility and 4-5 t/ha for high fertility and 
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irrigated crops. The plot additionally illustrates the differences in yields between land 
units. The yields are generally greater for the mid to low sloping land units suitable for 
paddy fields than for the steeper sloping land units. The model is not as sensitive to 
rainfed versus irrigated crop as might be expected; difference between irrigated and 
rainfed non-bunded plot ranges from 0.44 t/ha on low fertility plots (scl and sc3) to 
0.67 t/ha on high fertility plots (sc9 and sclO). Similar yields are seen between irrigated 
and non-irrigated crops in the wet season. In practice, rice cultivars grown on paddy 
field are irrigated and submerged for considerable periods of time. 
Table 7.6. Combinations of land management practices. 
Code Fertility Level Irrigation Status Bunded 
sl low Rain fed No 
s2 medium Rain fed No 
s3 low Irrigated No 
s4 low Rain fed Yes 
s5 low Irrigated Yes 
s6 medium Irrigated No 
s7 medium Rain fed Yes 
s8 medium Irrigated Yes 
s9 high Rain fed No 
slO high Irrigated No 
sll high Rainfed Yes 
s12 high Irrigated Yes 
Yields for upland rice are generally less than for paddy rice. Crop yields are generally 
between 1-3 t/ha and show less variation between land units than for paddy fields 
(Figure 7.11) except for sll (high fertility, rainfed, bunded), where yields on land unit 
49 are approximately 0.4 t/ha lower than on other land units. Again, the fertility of the 
plot is important according to the model outputs. 
Soybean crop yields do not vary significantly between land units, with yields essentially 
the same for land units 88, 99, and 49. They increase for the high fertility land 
management combinations, and land units 45 and 47 differing from the other land units 
by approximately only slightly (Figure 7.12). Yields range from 1.98 t/ha under low 
fertility combinations to 2.96 t/ha under high fertility combinations. The responses of 
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groundnut [peanut] yields, seen m model outputs, between land units and land 
management combinations were very similar to those of soybean (Figure 7 .13). 
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Figure 7.10. Crop yields (tlha) for paddy rice under varying land management combinations. All 
model parameters are kept constant. 
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Figure 7.11. Crop yields (t/ha) for upland rice under varying land management combinations. 
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Figure 7.12. Crop yields (tlha) for soybean under varying land management combinations. 
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The yield response of maize grain and maize forage to land management combinations 
is shown in Figures 7.14 and 7.15 respectively. More variation in yields is apparent, 
largely due to the higher yields of the crops compared with the crops previously 
discussed. Little variation is seen between yields for maize grain between scenarios s 1 
and s2, although in medium and high fertility plots the difference between land units 
becomes more apparent. In the high fertility scenarios (s9 to sl2) the differences in crop 
yields between irrigated and rainfed crops on land unit 49 are more striking. A 
difference of 0.56 t/ha is seen between irrigated and non~irrigated under the high 
fertility scenarios. Similar patterns are seen for maize grain as for maize forage. 
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Figure 7.13. Crop yields (tlha) for groundnut under varying land management combinations. 
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Figure 7.14. Crop yields (t/ha) for maize (grain) under varying land management combinations. 
The yield response of vegetable crops shows greater variation to the land management 
combinations than other crops previously discussed. All vegetable crops show a similar 
Chapter 7: The Biophysical Toolbox 205 
response to the fertility level of the plot as the crops previously discussed (rice, soybean, 
groundnut and maize). The model outputs suggest that vegetable crops like cabbage, 
potato, and onion (Figures 7 .16, 7 .17, and 7 .18 respectively) are more suited to the low 
sloping and more clayey soils of land units 88, 99 and 45 than they are to the steeper 
land units (land units 47 and 49). On land unit 49, as observed for the maize crops, the 
difference in crop yields between irrigated and rainfed crops on high fertility plots is 
high with yield differences of 1.9, 3.7 and 4.7 t/ha for cabbage, potato, and onion 
respectively. 
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Figure 7.15. Crop yields (tlha) for maize (forage) under varying land management combinations. 
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Figure 7.16. Crop yields (tlha) for cabbage under varying land management combinations. 
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Figure 7.16. Crop yields (tlha) for cabbage under varying land management combinations. 
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Figure 7.19. Dry season yields (tlha) for all crops under all crop management combinations. 
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Figure 7.20. Difference between wet season and dry season yields (tlha) for land unit 88 (wet season 
minus dry season). 
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7.4.2 Impacts on Erosion Rates 
Within the Biophysical Toolbox, eros10n estimates depend linearly upon the 
management factor within the Universal Soil Loss Equation. Under advice from Mr. 
Kamron Saifuk at the Land Development Department in Thailand, plots that were 
bunded were considered to be greatly reduced in the C and P factors. How this was 
treated in the erosion model was described within Chapter 4 (pages 104 and 105). The 
flat surface of bunded plots essentially ensures that there is negligible erosion on such 
lands, and the raised banks mean that little sediment leaves the plot. Erosion rates on 
bunded plots are thus low regardless of the land unit type, with model estimates ranging 
from 0.015 t/ha on land units 88 and 99 to 0.023 t/ha in upland land units. 
Figures 7.21 and 7.22 show contour plots, for lowland and upland land units 
respectively, of erosion rates under different crops and land covers for the wet season of 
1990. These plots do not show absolute erosion rates for crop and land management 
combinations (having interpolated between values) although they do highlight the broad 
trends in erosion. For most crops and management types on land units 88 and 99, the 
toolbox suggests that erosion rates are not extreme - although upland rice, soybean and 
vegetable crops are prone to erosion. Estimates of erosion rates for paddy rice, maize, 
fruit trees, fallow and forest are generally within the Land Development Department 
prescribed threshold for erosion of 31.25 t/ha/year (Kamron Saifuk, pers. comm.). In 
upland fields, most crops are particularly prone to extreme rates of erosion. Only maize, 
fallow and forest cover types yield less erosion than the 'acceptable' level of erosion. 
Land units 47 and 49, in particular, are prone to erosion. Land unit 49 has been, in 
policy, designated for forest cover only. No differences in erosion rates are 
distinguished between land units 47 and 49, despite land unit 49 being generally much 
steeper, as the land units fall into the same slope category for defining the P factors for 
the USLE (see Table 4.11). In reality, it would be expected that considerably more 
erosion would occur on land unit 49 than on land unit 47. 
7.4.3 Water Use under Forest and Fallow 
The premise of the hydrologic module presented in Chapter 6 - where hydrologic 
response to land cover changes is predicted at gauged and ungauged nodes - is that 
water use under forest exceeds that of non-irrigated crops. Water use for fallow was 
assumed to approximate that of non-irrigated crops. The area of each cover type in the 
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new scenario was used to scale calibrated parameters. Figures 7 .23 to 7 .26 show 
changes in components of the water balance for forest and non-forest covers under 
different land management options. The combinations of land management are provided 
in Table 7.7. 
Land Unit88 
l----'---L-+--->-- +------'=f>-----1---'-----l--'---'----+-~~-+----'--+----+----'---+-------f----+-none 
Paddy rice Upland Soybean Crnundnut Maize Maize Cabbage Potato Onion Terqierate Tropical Fallow Forest 
rice (peanu t) (grain) (forage) fruit trees fruit trees 
I D 0-30 D 30-60 D 60-90 D 90-120 I 
Land Unit 99 
1---~~..-- ~+-----+-----+-1-----+--+-~--+----+--~--+-----+-~--+-----<----+- none 
Paddy rice Upland Soybean Groundnut Maize Maize Cabbage Potato Onion Temperate Tropical Fallow Forest 
rice (peanut) (grain) (forage) fruit trees fruit trees 
I D 0-30 D 30-60 D 60-90 D 90-120 I 
Figure 7.21. Erosion rates (t/ha) under available management options for 13 crop or land cover 
types on land units suitable for paddy agriculture (BT - bench terrace, ALT - 'arable' land terrace, 
SC - strip cropping around contours, CC - contour cultivation). 
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Land Unit45 
~-'--+-----+---'---+--'------''---'---'-----'-+'--""""-"-~-+-__.__---+-_,__-+-----'-+---1----+none 
Paddy rice Upland Soybean Crnundnut Maize Maize Cabbage Potato Onion Te!I\)erate Tropical Fallow Forest 
rice (peanut) (grain) (forage) fruit trees fruit trees 
loo-3o 030-60 060-90 090-120 • 120-150 I 
Land Units 47 and 49 
-~t-----+--~--+-~--+-----+-none 
Paddy rice Upland Soybean Croundnut Maize Maize Cabbage Potato Onion Temperate Tropical Fallow Forest 
rice (peanut) (grain) (forage) fruit trees fruit trees 
I D 0-30 D 30-60 D 60-90 D 90-120 • 120-1 50 • 150-1 80 I 
Figure 7.22. Erosion rates (t/ha) under available management options for 13 crop or land cover 
types on land units suitable for upland agriculture (BT - bench terrace, ALT - 'arable' land 
terrace, SC - strip cropping around contours, CC - contour cultivation). 
Table 7.7. Land management combinations used in Figures 7.23 to 7.26. 
Fertility Irrigation status Bunded? 
scl Low rain fed no 
sc2 Medium rain fed no 
sc3 Low rain fed yes 
sc4 Medium rain fed yes 
sc5 High rain fed no 
sc6 High rainfed yes 
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Some similar patterns are seen across all land units. Actual evapotranspiration (ET A) 
estimated from the CATCHCROP model is much greater for forest than fallow in the 
high fertility combinations (s5 and s6). However, under low fertility conditions (s5 and 
s6), the model suggests that the two cover types share similar evapotranspiration levels. 
A decrease in plot fertility means that the crop is unable to evapotranspire at the 
maximum rate for that crop (ETM). In the CATCHCROP model, a simple scaling 
method is used to represent the maximum evapotranspiration under fertility constraints 
(See Section 3.2.1, page 72). Under low fertility (ETM reduced by 50%), the model 
predicts deep drainage to exceed actual evapotranspiration under both forest and fallow 
conditions on the low sloping land units ( 45, 88, 99) and under forest in the steeply 
sloping land units (47, and 49). Assuming that the reduction in evapotranspiration of the 
order of 100 mm is plausible, it is unlikely that all of this would contribute to deep 
drainage, as is currently assumed in the crop model. As the soil becomes more 
saturated, it could be expected that some saturation excess runoff may occur. In 
CATCHCROP, rainfall excess (infiltration) runoff is predicted and hence there is not 
feedback in the model between soil water storage and runoff. This potentially limits the 
applicability of CATCHCROP at sites where saturation excess runoff may contribute 
significantly to overall surface runoff. Future applications to the Mae Chaem catchment, 
or similar catchments, would benefit from an extensive field survey to establish whether 
or not the model behaviour matches field observations. With high fertility, deep 
drainage is reduced under forest, as would be expected given that trees are more capable 
of extracting water from the soil than fallow. Whether or not a plot is bunded does not 
affect components of the water balance for fallow and forest in the chosen year. Note 
that, in practice, forested areas are not bunded although potentially some fallow may be 
bunded, particularly in the dry season. 
There is quite a deal of variation among the water balance components for different land 
units. Table 7.8 shows the water balance components for land units 45, 47, and 49 as a 
percentage of those for land units 88 and 99. The component with the largest variation 
among land units is deep drainage, particularly under fallow. The steeply sloping land 
units (47 and 49) have considerably less deep drainage than the low sloping land units 
(88, 99, and 45) under fallow, as infiltration is less under fallow (as prescribed in 
Chapter 3) and hence more surface runoff occurs. Under forest, the differences between 
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land units are less dramatic, but an increase in deep drainage in the steeply sloping land 
to a level higher than in low sloping lands can still be seen. This suggests that in the 
model structure of CATCHCROP that the increase in infiltration due to forest compared 
to that of fallow, is considered to be more influential than the infiltration effects of 
slope. Interestingly, the water demand for land unit 45 is much lower than the water 
demand for land units 88 and 99, whereas the water demand for land unit 49 is similar 
to land units 88 and 99. 
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Figure 7.23. Water balance components (mm) under forest and fallow for the land management 
scenario combinations specified in Table 7.8: land units 88 and 99 in the wet season of 1990. 
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Figure 7.24. Water balance components (mm) under forest and fallow for the land management 
combinations specified in Table 7.8: land unit 45 in the wet season of 1990. 
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Figure 7.25. Water balance components (mm) under forest and fallow for the land management 
combinations specified in Table 7.8: for land unit 47 in the wet season of 1990. 
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Figure 7 .26. Water balance components (mm) under forest and fallow for the land management 
combinations specified in Table 7.8: land unit 49 in the wet season of 1990. 
7.4.4 Water Use under Cropping Activities 
7.4.4.1 Wet Season Water Balance Components 
Wet season water balance components and crop water demands for paddy rice (Figure 
7 .27), upland rice (Figure 7 .28) and potato (Figure 7 .29) were calculated for land units 
88 and 99 (A), 45 (B), 47 (C), and 99 (D) under the full suite of land management 
combinations. As expected, actual evapotranspiration (ET A) is maximised under high 
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fertility, irrigated conditions. Under high fertility conditions, crop water demand is not 
as sensitive to whether or not the plot is bunded. Crops grown on low fertility plots that 
are not bunded, however, have a much higher water demand than those on equivalent 
bunded plots. The main difference between irrigated and non-irrigated crops is the deep 
drainage. In the wet season, rainfall is sufficient to ensure that the crop can access most 
of the water it requires such that ET A from rainfed crops is not greatly reduced 
compared with irrigated crops. Similar trends occur across all land units. Between 
crops there is a great deal of variation. Upland rice (Figure 7.28) has a much lower 
water demand over the wet season than paddy rice (Figure 7.27). Similarly, potato 
(Figure 7.29) has a much lower crop water demand than paddy rice but has a higher 
water demand than upland rice. The difference in water demand between paddy rice 
and upland rice and potato varies between land management combinations and land 
units (Figure 7 .30). 
Table 7.8. Water balance components under forest and fallow as a percentage of land unit 88 (e.g. 
(ETA4/ETAs8)x100). Predicted water balance components for land unit 99 are as for land unit 88. 
Water Demand ETAfallow Deep Drainage Water Demand ETAforest Deep Drainage 
fallow (mm) (mm) under fallow (mm) forest (mm) (mm) under forest (mm) 
lu 49 
scl 99.7 92.6 38.4 99.7 98.0 104.2 
sc2 99.7 94.7 26.4 99.7 99.2 104.9 
sc3 99.7 92.6 38.4 99.7 98.0 104.2 
sc4 99.7 94.7 26.4 99.7 99.2 104.9 
sc5 99.7 95.9 25.2 99.7 99.6 107.0 
sc6 99.7 95.9 25.2 99.7 99.6 107.0 
lu 47 
scl 93.2 96.0 68.6 93.2 99.6 108.3 
sc2 93.2 102.5 56.7 93.2 100.3 110.4 
sc3 93.2 96.0 68.6 93.2 99.6 108.3 
sc4 93.2 102.5 56.7 93.2 100.3 110.4 
sc5 93.2 104.5 54.5 93.2 100.5 115.6 
sc6 93.2 104.5 54.5 93.2 100.5 115.6 
lu 45 
scl 87.9 101.1 94.5 87.9 99.6 95.2 
sc2 87.9 108.3 85.5 87.9 99.6 93.7 
sc3 87.9 101.1 94.5 87.9 99.6 95.2 
sc4 87.9 108.3 85.5 87.9 99.6 93.7 
sc5 87.9 110.3 83.3 87.9 99.6 90.5 
sc6 87.9 110.3 83.3 87.9 99.6 90.5 
Chavter 7: The Biovhvsical Toolbox 
Land units 88 and 99 
high fertility, irrigated , bunded :Jl 
high fe rtility, rain fed, bunded 
hig h fertility, inigated, no bu nds 
high fe rtility, rainfed ,no bunds 
medium fe1tility, inigated, bunded 
medium fertility, ra in fed, bunded 
med ium fertility, inigated , no bunds 
low fertility, irrigated, bunded ~=::tl!!l!ll!•===:::r=====:::::J 
low fertility , ra in fed, bunded 
low fertility , inigated , no bunds 
medium fertility, rainfed , no bunds 
low fertility, rainfed , no bunds +======::::;::====:'..--.------.-- - ---,------,.----1 
500 1000 1500 2000 2500 3000 
A D To tal Crop Water Demand (mm) l!I Totallnigation (mm) O Total EfA (mm) D To tal Deep Drainage (mm) 
high fert ility, irrigated, bunded 
high fertility, rainfed , bunded 
hig h fertility, irrigated, no bunds 
high fe rtility , rain fed , no bunds 
medium fe rtility, inigated, bunded 
rredium fe rtility, rainfed, bunded 
medium fe rt ility, irrigated , no bunds 
low fert ility, irrigated , bunded 
~-- ---~~- -5 ----------------1 
I 
r 
low fe ttility, ra in fed , bunded 
low fe rtility, irrigated , no bunds 
medium fertility, rainfed , no bunds 
low fertility, rainfed, no bunds +======::::;::===:::===:-----.------,------,.----1 
500 1000 1500 2000 2500 3000 
B D Total Crop Water Demand (mm) l!l Total lnigation (mm) DTotal EfA (mm) D Tota l Deep Drainage (mm) 
215 
Land unit 47 
high fe1tility, iniga ted, bunded E====·--·-======:J:======)l 
high fe rtility, rainfed. bund ed 
high fe rtility, irrigated, no bund s 
high fertility, rainfed, no bund s 
medium fertility, irriga ted, bunded 
medium fertility, rainfed, bunded l • 
= liom " '"''" ""''"' · " """'' -
low fe rtility, inigated , bunded : I 
low fe rtility, rainfed, bunded 1 1 
low fertility , inigated, no bunds 
medium fertility, rainfed, no bunds 
low fertility, rainfed, no bunds 1---~-'------'--' 
I 
+----~---~---~---~----.-----~ 
500 1000 1500 2000 2500 
c O Total Crop W ater Demand (nm) II Total lnigation (mm) D Total EfA (nm) D Total Deep Drainage (mm) 
high fe rtility, inigated, bund ed 
high fe rtilit y, rainfe d, bunded 
high fettility, irrigated , no bunds 
high fertility,rain fe d , no bunds 
rrediu m fertility, iniga ted, bun ded 
med ium fertility, rainfed, bu nded 
med ium fe rtility, irrigated, no bunds 
low fe rtility, inigated, bunded 
low fe rtility, rain fed, bunded 
low fe rtility, inigated, no bunds 
n-edium fertility , rainfed , no bunds 
low fett ility , ra infed, no bunds 
-' 
500 
Land unit49 
I 
I 
1000 
I I 
I 
I 
1500 2000 2500 
D D Total Cro p W ater Demand (mm) II Total Inigatio n (mm) OTotal ETA (mm) D To tal Dee p Dra in age (mm) 
3000 
3000 
Figure 7.27. For paddy rice, wet season water balance components (mm) and crop water demands (mm) on (A) land units 88 and 99, (B) land unit 45, (C) land unit 47, and 
(D) land unit 49 under the full suite of land management combinations 
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Figure 7.28. For upland rice, wet season water balance components (mm) and crop water demands (mm) on (A) land units 88 and 99, (B) land unit 45, (C) land unit 47, 
and (D) land unit 49 under the full suite of land management combinations 
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Figure 7.29. For potato, wet season water balance components (mm) and crop water demands (mm) on (A) land units 88 and 99, (B) land unit 45, (C) land unit 47, and (D) 
land unit 49 under the full suite of land management combinations 
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Figure 7 .30. Difference in crop water demand (mm) between paddy rice and (A) upland rice and 
(B) potato (e.g. DEMpaddy -DEMpotato). The codes for land management combinations are the same 
as those in Table 7.6 [top to bottom in Figures 7.20 to 7.22]. 
7.4.4.2 Dry Season Water Balance Components 
Figures 7.31 to 7.33 show dry season water balance components and crop water 
demands for paddy rice, upland rice and potato respectively. These are for land units 88 
and 99 (A), 45 (B), 47 (C), and 99 (D) under the full suite of land management 
combinations. Actual evapotranspiration (ETA) is seen to be extremely low in rainfed 
crops because crops are unable to get sufficient water to transpire, regardless of the 
fertility of the plot or whether or not the plot is bunded. As with the wet season, crop 
water demand under high fertility (irrigated) conditions is not as sensitive to whether or 
not the plot is bunded. Deep drainage is minimal because most of the water that 
infiltrates into the soil is taken by the plants. Similar trends occur across all land units. 
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Figure 7.31. For paddy rice, dry season water balance components (mm) and crop water demands (mm) on (A) land units 88 and 99, (B) land unit 45, (C) land unit 47, and 
(D) land unit 99 under the full suite of land management combinations 
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Figure 7.32. For upland rice, dry season water balance components (mm) and crop water demands (mm) on (A) land units 88 and 99, (B) land unit 45, (C) land unit 47, 
and (D) land unit 99 under the full suite of land management combinations 
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Figure 7.33. For potato, dry season water balance components (mm) and crop water demands (mm) on (A) land units 88 and 99, (B) land unit 45, (C) land unit 47, and (D) 
land unit 99 under the full suite of land management combinations 
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7 .5 Sensitivity 
The previous sections in this chapter have illustrated the sensitivity of outputs and 
internal states of the Biophysical Toolbox to climate, season, forest conversion and a 
wide range of crop and land management combinations. These performance results, 
while largely a reflection of the assumptions in the underlying models and their 
interactions, indicate the plausibility of the toolbox's behaviour. They provide a basis 
for future developers and users to question its behaviour and make relevant changes. 
Aspects of the sensitivity of individual models were tested in previous chapters. In 
Chapter 3, analysis of the sensitivities of the crop yield, RO, and DD outputs to changes 
in CATCHCROP model parameters was presented. The purpose of this was two-fold: 
firstly to assess the sensitivity of crop yield (a primary indicator in the toolbox) to 
changes in model parameters, and secondly to identify those parameters that may 
significantly impact on the RO and DD variables. RO and DD are outputs of the 
CATCHCROP model that are utilised within the regionalisation procedure. Those 
parameters identified as impacting upon on RO and DD estimates were then targeted for 
an analysis of the sensitivities of the hydrologic module to the CATCHCROP model 
parameters in Chapter 6. The sensitivity analysis undertaken in Chapter 6 focused on the 
impacts of CATCHCROP parameters on catchment estimates of RO and DD, and how 
these affected the re-partitioning of the relative quick and slow flow volumes, Vq and v,. 
No consideration was given to how these changes affected total annual, wet season, or 
dry season discharge. 
In this section, analysis of the sensitivity of the Biophysical Toolbox to changes in 
model parameters is performed using the base climate and land cover scenarios 
presented in Sections 7.3. This is an analysis focusing on one-parameter-at-a-time 
changes in the crop model. The crop model is the most heavily parameterised model (19 
parameters), has many internal states, and interacts with the hydrologic module. The 
hydrology and erosion models have lower parameterisations and more predictable 
behaviour. Note that, the erosion model currently does not interact with either the 
hydrologic or crop models. Future sensitivity work will take parameter co-variation into 
account. The aim of the initial sensitivity analysis presented here is to build on the 
previous sections of this chapter by investigating further the plausibility of the toolbox 
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and its behaviour. It allows identification of the key parameters and interactions in the 
Biophysical Toolbox so that field work and other activities can be concentrated on 
estimating these values. The analysis also identifies the parameters for which accurate 
estimation is less important. 
The cropping patterns implemented in the sensitivity analysis were detailed in Table 
7.1. CATCHCROP model parameters were varied between 50% and 150% of the 
nominated parameter value to explore variations in the major hydrologic and crop 
indicators. The indicators focused on were crop yield, streamflow and residual 
streamflow (streamflow after irrigation abstractions), crop water demand, actual 
evapotranspiration, and deep drainage. Table 7 .9 shows the general directional trends in 
wet season indicator response to increasing parameter values. Examples of the major 
patterns of response are shown for the individual indicators in the following sub-
sections. 
7.5.1 Crop Yield 
Three dominant patterns m crop yield outputs are seen with increasing parameter 
values: (a) increasing crop yields with increasing parameter value; (b) decreasing crop 
yields with increasing parameter value; and (c) negligible change in yields with changes 
in model parameters. Figure 7.34 and 7.35 show plots of changes in a particular 
parameter on the crop yield output for each land unit. Those parameters that increased 
crop yields with larger parameter values were the infiltration parameters (CC (Figure 
7.34), IS, CS), the P parameter and the YM parameter that adjusts crop yields. 
Decreasing crop yields with increasing parameter values were seen for the KY, TAW, 
KCmid (Figure 7.35), SD and RDend. There was no significant change in crop yields to 
KCend, REW, and TEW but yield did exhibit a minor response to TAW, SD and 
RDend at low parameter values. 
For the two examples shown in Figures 7.34 and 7.35, the low sloping land units (the 
paddy fields 88 and 99, and the upland land unit 45) exhibit lower sensitivity to 
perturbations of the crop model parameters. The bunded paddy fields (88 and 99) in 
particular are insensitive to changes in model parameters. In the wet season (using the 
base climate, forest cover and cropping scenarios), land units 45 and 49 are cropped 
with soybean. Crop yields - as a percentage of the nominal value - under land unit 49 
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vary between approximately 70% at 0.5 times the nominal parameter value and 115% at 
1.5 times the nominal parameter value. On land unit 45, crop yields vary by less than 
5% from the nominal parameter value. Maize grown on land unit 47 shows a greater 
variation in yield than soybean on land unit 49 for perturbations of both CC and KCmid. 
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Figure 7.34. Effect on crop yield of perturbing the CC CATCHCROP infiltration parameter. 
Values are presented as a percentage of the crop yield obtained using the nominal value for CC 
(land units 88 and 99 are cropped with paddy rice, soybean is grown on land units 45 and 49, land 
unit 47 is cropped with maize [see Table 7.1]). 
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Figure 7.35. Decreases in crop yields with increasing values of the KCmid CATCHCROP 
parameter value (as a percentage of the crop yield obtained for the nominal value for KCmid). 
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Table 7.9. Broad directional trends in wet season indicators with increasing parameter values of CATCHCROP. 
Parameter Stream flow Residual Streamflow Crop Water Demand Crop Yield Deep Drainage Actual 
Estimates Evapotranspiration 
KCini 
""' ""' 
1' 
""' 
- 1' 
KCmid 
""' ""' 
1' 
""' ""' 
1' 
KCend 
""' 
._i,, 
-
- - 1' 
RDini 
""' ""' 
1' 1' ._i,, 1' 
RDend 1' 1' ._i,, - paddy ._i,, ._i,, - paddy -.It - paddy 
1' - upland - - upland 1' - upland 
p 1' 1' -.It - -.It 1' 
cc - - -.It 1' 1' 1' 
KY NIA NIA NIA 1' NIA NIA 
YM NIA NIA NIA 1' NIA NIA 
TAW 1' 1' 1' -.It - paddy -.It -.It - paddy 
1' - upland 1' - upland 
TEW - - -- - - -
REW - - - - - -
IS - ._i,, 
""' 
1' 1' 1' 
SD - - 1' -.It ._i,, 1' 
cs - - ._i,, 1' 1' 1' 
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7.5.2 Crop 
Three patterns in crop water demand outputs are seen with increasing parameter values: 
(a) increasing crop water demand with increasing parameter value, decreasing crop 
water demand increasing parameter value, and (c) negligible change in water 
demand changes model parameters. Those parameters that increased crop water 
demand with larger parameter volumes were the parameters KCmid, SD (Figure 7.36), 
TAW, RDend, and CS. Decreasing crop water demand with increasing parameter values 
was seen for the CC, CS, IS, and P parameters (Figure 7.37). No significant change in 
crop water demand occurred with changes in the value of KCend, REW, and TEW. As 
with crop yields, the crop water demand on land units 88 and 99 show little sensitivity 
to changes in the parameters shown in Figures 7.36 and 7.37. However, soybean 
cropped on land unit 45 exhibits strong sensitivity, especially to the IS parameter, where 
crop water demand is extreme at low values of IS (e.g. 1000% increase in crop water 
demand at 50% of the nominal value of IS). At low values of IS, crop water demand is 
more sensitive on land unit 45 than 49. 
7.5.3 Streamflow and Residual Streamflow 
In Chapter 6, six parameters were identified as considerably impacting the re-
partitioning of effective rainfall between the relative quick and slow flow volume 
components. No consideration was given to the impacts of these changes on wet season 
and dry season discharge. This section briefly details changes in discharge with varying 
CATCHCROP parameter values under the 1990 climate and forest cover scenario using 
the cropping patterns described in Table 7.1. Two responses in discharge were seen for 
the wet season of 1990 with increasing parameter values: (a) increasing discharge with 
increasing parameter value; and (b) decreasing discharge with increasing parameter 
value. For example, across all land units, increasing KCmid decreases discharge (Figure 
7.38a). Increasing the P parameter, on the other hand, slightly increases estimates of 
streamflow (Figure 7.38b). These changes constitute only 2.1 % of wet season discharge 
at the most (at 50% of the nominal value of KCmid), considering only the estimate of 
discharge prior to abstractions. Likewise, the changes in dry season discharge were not 
large. Variations among land units are discussed in Section 7.5.6. 
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Figure 7.36. Increasing crop water demand (mm) with increasing values of the SD parameter (as a 
percentage of the demand obtained for the nominal value for SD). 
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Figure 7.37. Decreasing crop water demand (mm) with increasing values of the IS parameter (as a 
percentage of the demand obtained for the nominal value for IS). 
The difference between estimated discharge and residual streamflow after abstractions 
for all irrigated crops on all land units provides the total irrigation within the catchment. 
Perturbing CATCHCROP parameters potentially has a large impact on demand and 
hence irrigation. Seven parameters were shown to impact estimates of irrigation totals in 
the wet season; the crop coefficients (KCini, KCmid, and KCend), the parameters 
describing root depth (RDini, RDend), P, and TAW (Table 7.10). Of these parameters, 
KCmid and P had large impacts on crop demand for irrigated crops (± approximately 
40% and 20%, respectively). More CATCHCROP parameters affect crop demand in the 
dry season (Figure 7.39). Again KCmid and P had the strongest influence, although the 
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infiltration parameters had more influence on remaining streamflow than in the wet 
season. 
0.5 0.6 0.7 0.8 0.9 1.1 1.2 
Scaling factor 
1.3 1.4 
land unit 99 
land unit 88 
1.5 
ID 10200-10320 Eli! 10320-10440 111110440-10560 111110560-10680. !(~80-10800 I (a) '---~~~~~-----'~~~~~~~~~~~~~~~~~~=='-~~~~~~~ 
0.5 0.6 0.7 0.8 0.9 1 1.1 
Scaling factor 
1.2 1.3 1.4 
land units 45, 47 and 49 
land unit 99 
land unit 88 
1.5 
lo 10300-10400lillil10400-10500llll10500-10600111110600-10700•10700-10800 I (b) '---~~~~·~-----'~~~~~~~~~~~~~~~~~~=='-~~~~~~~ 
Figure 7.38. Wet season discharge (ML) changes in response to changes in CATCHCROP model 
parameters: (a) KCmid and (b) P. Note that streamflow for land units 99 and 45 is less than for 
land unit 88, because land unit 88 is irrigated in priority over other land units. 
Table 7.10. Estimates of total wet season irrigation abstractions at node 1 in Mae Uam for the base 
climate and forest cover scenario with perturbations to CATCHCROP parameter values. 
Scaling factor Residual Streamflow 
KCini KCmid Kc end RDini RDend p TAW 
0.5 92.6 59.44 93.76 98.1 108.1 121.1 102.9 
0.6 93.4 67.6 94.91 98.7 112.6 116.9 108.4 
0.7 94.6 75.7 96.18 99.2 110.2 112.6 107.9 
0.8 96.4 83.8 97.45 99.5 107.2 108.4 106.0 
0.9 98.3 91.9 98.73 99.7 103.6 104.2 103.4 
1 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
1.1 101.9 108.1 101.3 100.3 96.4 95.8 96.6 
1.2 103.1 116.2 102.5 100.5 92.8 91.6 93.3 
1.3 104.0 124.3 103.8 100.8 89.17 87.4 90.0 
1.4 104.8 132.4 105.1 101.1 85.88 83.5 86.9 
1.5 105.7 140.6 106.4 101.3 82.59 79.6 83.8 
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Figure 7.39. Variation in total dry season catchment abstractions for irrigation at node 1 in Mae 
Uam for the base climate and forest cover scenario with perturbations to (a) CATCHCROP crop 
parameters, and (b) CATCHCROP soil parameters. Values are presented as a percentage of the 
output value obtained using the nominal parameter value (scaling factor = 1) 
7.5.4 Actual Evapotranspiration (ETA) 
Three patterns in ETA outputs are seen with increasing parameter values: (a) increasing 
ET A with increasing parameter value; (b) decreasing ETA with increasing parameter 
value; and ( c) negligible change in yields with changes in model parameters. Those 
parameters that increased ET A with larger parameter values were CC, CS, KCmid, 
KCend, IS (Figure 7.40), and P. Decreasing ETA values with increasing parameter 
values were seen for TA W (Figure 7.41) and SD. There was no significant change in 
ETA to REW, TEW and RDend. Again, actual evapotranspiration under paddy rice 
grown on land units 88 and 99 is not sensitive to the daily infiltration rate for bare, flat 
soils (IS), but is highly sensitive to the TA W parameter at values of the parameter less 
than the nominal value ofTAW. 
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Figure 7.40. Increasing actual evapotranspiration with increasing values of the IS parameter (as a 
percentage of the ETA obtained for the nominal value for IS). 
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Figure 7.41. Decreasing actual evapotranspiration with increasing values of the TAW parameter 
(as a percentage of the ETA obtained for the nominal value for TAW) 
7.5.5 Deep Drainage (DD) 
Deep drainage was seen to increase with larger values for the CC (Figure 7.42), CS, and 
IS parameters, while decreasing for larger values of KCmid (Figure 7.43), SD, and 
TAW. No significant response was seen for the other CATCHCROP parameters. 
Estimates of deep drainage on land units 4 7 and 49 are again more sensitive to changes 
in the CC infiltration parameter than the low sloping land units (88, 99, and 45), with 
relative increases of up to 900% on land unit 47 and approximately 500% on land unit 
49. 
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Figure 7.42. Increasing deep drainage with increasing values of the CC infiltration parameter (as a 
percentage of the deep drainage obtained for the nominal value for CC). 
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Figure 7.43. Decreasing deep drainage with increasing values of the KCmid infiltration parameter 
(as a percentage of the deep drainage obtained for the nominal value for KCmid). 
7.5.6 Summary of Different Responses between Land Units. 
As discussed in the previous subsections, when using the 1990 climate data and land 
cover files in addition to the cropping patterns specified in Table 7 .1, the sensitivity 
analysis performed showed considerable differences in indicator response to changes in 
parameter values between land units. In the wet season, outputs for land units 88 and 99 
(both of which were 100% cropped with rice on agricultural areas) were generally less 
sensitive to changes in the parameter values than those for the upland land units. This 
can be seen for actual evapotranspiration (e.g. IS - Figure 7.40), crop water demand 
(e.g. SD and IS - Figures 7.36 and 7.37) and crop yields (e.g. KCmid - Figure 7.35). 
Outputs for land unit 45 (the low sloping land unit cropped with soybean) were not 
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much more sensitive to changes in parameters than those for the paddy land units. On 
these low sloping land units with irrigated crops, the crop is irrigated at a level sufficient 
to ensure the crop evaporates at the maximum level (IR = DEM = ETC - ETA), whether 
or not changes in parameter values alter estimates of the water balance in a particular 
time step. Hence, total ET A does not change greatly as the water demand for the next 
step accounts for the irrigation. Thus, yields remain reasonably insensitive to changes in 
the parameter values. An exception to this was shown in Figure 7.41, where decreasing 
TAW considerably impacted ETA from paddy rice on paddy fields. In non-irrigated 
fields in upland areas, any changes in a model time step to ETA or DEM are carried 
through to the next time step and can greatly influence the total season estimate of ETA 
and hence crop yields. 
7.6 Discussion 
This chapter presented a Biophysical Toolbox incorporating the models discussed and 
implemented from Chapters 3 to 6. The toolbox was developed to assist in assessing the 
possible impacts of biophysical scenarios on a set of indicators of crop productivity, 
potential erosion, water availability and crop water consumption. Such scenarios include 
forest conversion, changes to cropping patterns, changes in management options for 
erosion mitigation, and climate scenarios. Results from some basic deforestation and 
climate scenarios were presented, illustrating the potential of the toolbox in allowing 
users to explore the possible impacts of land and water management options. 
Additionally, the toolbox was run for a large range of crops, land units and land 
management option combinations to identify general trends in model behaviour with 
changing inputs. 
The aim with integrated models of this type should not be to provide absolutely accurate 
estimates, a task rendered too difficult by the inherent complexity of natural systems 
and the scant data often available. The focus should be on being able to discriminate 
between, and be confident about, the relative changes in indicator output sets. The 
analysis reported in the following sub-sections is a step in this direction. Ultimately, a 
methodology is needed which will identify the degree of scenario change that provides a 
required confidence in indicator prediction. This focuses attention on those model 
parameters which affect this confidence level. Where the degree of scenario change is 
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too large to be useful, emphasis can be directed towards reducing the uncertainty of 
those most influential parameters. 
7.6.1 Performance of the Biophysical Toolbox 
The scenario runs for Mae Uam suggest that although substantial conversions of forest 
to agricultural land do not impact greatly on the amount of water remaining in the 
stream, the potential erosion increases are extreme. Even though the USLE 
methodology applied in the toolbox provides only coarse estimates of gross erosion, it is 
reasonable to expect that the elevated rates of erosion would translate to increased 
sedimentation of the catchment water resources. However, the USLE does not consider 
the deposition of sediment. To use the Biophysical Toolbox to explore potential impacts 
of agricultural activities on the sedimentation of water resources in the Mae Chaem 
catchment, an erosion model that explicitly considers the generation and deposition of 
sediment, from both the land surface and the stream network, is required. 
The deforestation scenarios applied to node 1 of the Mae U am catchment, where the 
forest is replaced by crops in the same proportion as used in the base scenario (see Table 
7.1), did not increase crop water demand to an extent that threatened water availability 
to agricultural areas in node 2. This was true even when the agricultural area is 
increased within node 2. Mainly, there is a slight shift in wet and dry season volumes. 
Water shortages in the lowland regions of northern Thailand have been attributed to 
increased agricultural activities in the upland areas (Scoccimarro et al., 1999). This 
extreme case was not evident in the model outputs for the scenarios studied in this 
chapter, even when the agricultural area, and hence crop water demand, is increased in 
node 2. However, not all the land that was converted from forest was utilised in either 
the wet or dry seasons. Only 10% of the agricultural area of land units 23, 25, 45, and 
47 was cropped in the dry season, and no land on land unit 49 was cropped. Likewise, 
25% of the agricultural area of land units 23, 25, 45, and 47, and 15% of land unit 49, 
was cropped. Utilising a larger proportion of agricultural land in the upland land units 
would substantially increase abstractions during the dry season and may place water 
resources under further pressure. 
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It is expected that application of the toolbox in more intensively used catchments with 
greater competition and demand for water resources would produce the types of effects 
that have been reported in other areas of northern Thailand. In such regions, where 
more land suitable for intensive agriculture is available, increased cropping and demand 
for water may place water resources at risk. In the Mae Uam subcatchment, on which 
the scenarios presented within this catchment were applied, the amount of land suitable 
for cropping is restricted by topography. Much of the land suitable for paddy has 
already been utilised and much of the remaining catchment is nominally protected as it 
is designated as watershed classification lA (see Section 2.1.1 in Chapter 2). 
Running all combinations of land management options provides an understanding of the 
model response to changes in inputs, particularly with respect to the outputs, and 
internal states of the CATCHCROP model. The model outputs suggest that, in the wet 
season, the fertility of the plot influences yield more strongly than whether or not the 
plot is irrigated or bunded. In the dry season, the irrigation is of significant importance -
many crops fail completely and produce no yields unless they are irrigated. In the field, 
many plots are not used during the dry season because transporting water to them is not 
practical. Substantial sensitivity of model outputs to fertility was apparent across all 
land units and crop types. 
Erosion rates were shown to be particularly high for upland rice and vegetable crops 
compared with other vegetation or cover types. The outputs suggest that forest and 
fallow covers fall within the Land Development Department's threshold of 31.25 
t/ha/year on all land units, whereas covers like maize and fruit trees tend to fall within 
'acceptable' soil loss under most management types. Fallow land is left to regenerate 
naturally and is not equivalent to bare plots. Upland rice and vegetable crops are 
susceptible to 'unacceptable' erosion rates on steeply sloping lands. 
Water use under all land management combinations was computed for agricultural and 
horticultural crops in addition to forest and fallow covers. Across all land units, the 
CATCHCROP model predicts greater actual evapotranspiration under forest than fallow 
with differences of the order of 300 mm in high fertility plots. In low fertility plots, 
however, this difference is not as substantial. Likewise, differences in deep drainage 
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between fallow and forest were not large under low conditions, although as 
fertility increased, estimates deep drainage fallow were considerably larger 
than predicted under forest cover. Between land units, variation components of the 
water balance is extensive, particularly for deep drainage fallow Drainage 
decreases on steeply sloping lands compared with low sloping land as more 
surface runoff is generated. Within the CATCHCROP model structure, infiltration 
changes due to vegetation cover appear more influential than those due to slope. 
Changes in water balance components and crop water demand were presented for paddy 
rice, upland rice and potato during the wet season. These crops varied considerably in 
their response to changes in land management combinations. Paddy rice had much 
greater crop water demand than both upland rice and potato. In the wet season of 1990, 
rainfall appears sufficient to ensure that ET A is not greatly reduced. In contrast, dry 
season ET A is restricted in rainfed crops because there is insufficient water for crops to 
transpire, leading to crop failure. 
7.6.2 Sensitivity of Outputs to Model Parameters 
A major issue in linking various models within an integrated framework is that of the 
propagation of errors and uncertainties through the individual models. In the 
Biophysical Toolbox, the major concern with regard to errors and uncertainties is the 
interaction between the crop and hydrologic models. The erosion model currently 
employed in the Biophysical Toolbox is not linked with the hydrologic model and hence 
can not propagate errors through the whole toolbox. The crop model is used, however, 
to provide estimates of DD and RO under forest and fallow covers. These variables are 
then used in the hydrologic module to predict changes in hydrologic response to 
changes in forest cover. This is the major point of interaction in the Biophysical 
Toolbox where error propagation and increased uncertainty will occur. The main 
finding of the sensitivity analysis performed for the whole Biophysical Toolbox (i.e. 
components were not addressed in Chapters 3 and 6) are that 
• the potentially large impacts of parameter changes on the re-calculation of the 
hydrologic model parameters (for addressing changes in land use and 
regionalisation to an ungauged catchment), did not actually translate into large 
differences in total seasonal discharge. 
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• the runs highlighted the differences between bunded land units with irrigated 
crops and non-bunded land units with rainfed crops. Bunded land units with 
irrigated crops were generally less sensitive to changes in parameter values, and 
• different indicators exhibited different sensitivities to values of parameters. 
Generally, however, the toolbox outputs are highly sensitive to the infiltration 
parameters (CC, CS, IS), TAW, P, SD, and KCmid. These parameters should be 
targeted with a view to improving their estimation or measurement, 
If predicted streamflow is less than the total crop water demand within the node then 
sensitivities in the parameters of the hydrologic model will be propagated through to 
irrigation estimates and hence crop yields and water balance components. When total 
crop water demand exceeds the amount of water in the stream, the remaining 
streamflow is allocated to crops in an order specified by the user. Any sensitivity in the 
predicted streamflow to IHACRES parameters that may affect the amount of water in a 
10 day period available to irrigate crops will potentially propagate through to the 
estimates of indicator from the CATCHCROP model (e.g. DEM, ETA and thus crop 
yields). The scenarios performed in this chapter were not extreme enough nor, was 
streamflow low enough, for this to be manifested. These issues are discussed further in 
Chapter 8. 
7.6.3 Linking the Biophysical Toolbox with Socio-economics 
The toolbox can be employed in an integrated modelling framework to assess the 
biophysical and socio-economic tradeoffs of a wide range of management and 
development scenarios. Instead of the user defining land use scenarios (as in the stand-
alone application of the Biophysical Toolbox), the land use is passed into the 
Biophysical Toolbox from an economic decision model. This decision model simulates 
household decision-making in response to expected constraints or on land, water and 
labour availability. It calculates the area of paddy and upland devoted to different 
cropping activities in each season. The model operates for a given Resource 
Management Unit (RMU) or household type, defined by a household's access to land 
and water in the catchment (Scoccimarro et al., 1999). In order for this land use 
decision to be passed to the Biophysical Toolbox, land use decisions made by the RMU 
Chapter 7: The Biophysical Toolbox 237 
on paddy and areas are disaggregated by land totals over all RMU s for 
each crop activity are calculated. The Biophysical Toolbox then simulates crop yields, 
water use, residual streamflow erosion from this land use choice. Crop yields are 
passed to a socio-economic impact model, which models the of actual yields and 
water availability on household income and rice Integrated Toolbox 
provides as outputs, indicators of social, economic and environmental performance 
which change in response to a number of drivers, including climate and development of 
agricultural lands. These indicators include the household rice deficit, reflecting the 
preference for meeting subsistence requirements, household income from farm and off-
farm sources, as well as the biophysical indicators from the Biophysical Toolbox. A full 
description of the Integrated Toolbox can be found in Letcher et al. (2002). 
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8 Discussion Conclusions 
The structure, rationale and methodologies on thesis is based are presented 
this chapter, along an outline general conclusions and outcomes of the work 
implemented. Suggestions as to the future continuation of 
also proposed. 
8.1 General Structure of the Work Implemented 
research presented are 
The primary objective of this thesis was to develop, evaluate and integrate biophysical 
modelling approaches for assessment and management of water and associated land use 
options at the catchment scale. The case study to focus this objective was the Mae 
Chaem catchment. The research contributed the biophysical component of a project 
known as the Integrated Water Resources Assessment and Management (IWRAM) 
project. The research involved four major components: 
e Apply and evaluate an appropriate crop modelling approach for integration in 
the IWRAM-DSS. Testing of an appropriate crop model for inclusion was 
undertaken. The crop model applied was the CATCHCROP model (Perez et al., 
2002). Testing of the model focussed in particular on the sensitivities of model 
outputs to changes in the parameter values of the model and the potential for 
these sensitivities to propagate from the crop model through to other models in 
the Biophysical Toolbox 
• Develop an approach to predict sheet erosion. The sheet erosion component can 
be used to develop indicators of potential erosion for the catchment in relation to 
rainfall and land cover scenarios. A modified USLE was applied, the approach 
being intended to complement the current methodologies implemented by 
agencies in Thailand involved in land use planning and policy development, 
namely the Land Development Department. Issues arising from the application 
of techniques like USLE were addressed. 
• Develop a methodology for predicting streamflow response to land use or land 
cover changes in ungauged, or poorly gauged, catchments. A hydrologic 
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module was required to predict hydrologic response under forest cover changes. 
Due to the scarcity of data in northern Thailand, a regionalisation procedure for 
inferring hydrological response in gauged and ungauged catchments under forest 
cover changes was needed. The procedure is based upon the lumped metric-
conceptual model IHACRES - a model has been identified as 
performing across a range of hydroclimatologies and scales. Assessment of 
the performance of the regionalisation procedure was undertaken, and analysis 
of the sensitivities of the hydrologic module to the crop model was performed. 
The potential for applying such an approach was illustrated for subcatchments of 
the Mae Chaem. 
• Integrate the individual models into a Biophysical Toolbox to be used for 
evaluating scenarios of land and water resource management options in 
catchments in Northern Thailand. The individual models mentioned previously 
were integrated within a toolbox for analysis of land and water resources 
options. The toolbox can be implemented in a stand-alone mode or employed 
within an integrated framework to assess biophysical and socio-economic 
impacts of scenarios (the IWRAM-DSS). Within this thesis, the toolbox was 
implemented in its stand-alone form and used to explore a variety of scenarios of 
biophysical land and water development. Testing of the model outputs to 
changes in scenarios and input variables was undertaken. 
The limited number of rainfall gauges within the Mae Chaem required the development 
of rainfall surfaces for the catchment. The ANUSPLIN package was used to apply a 
trivariate thin plate spline to mean monthly rainfall data. The surfaces were used to 
scale existing daily rainfall to account for differences in rainfall with location and 
elevation. 
8.2 Rationale 
Managers of agricultural catchments are experiencing difficulties in the development of 
policies to plan for the sustainable management and conservation of their land and water 
resources. In northern Thailand, these difficulties have arisen over the last few decades 
with intensification of agricultural activities. Chapter 2 detailed policy settings for 
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natural resource management 
catchment. 
Effective resource management 
240 
and their implications for the Mae Chaem 
the recognition land management options 
both on-site off-site effects, and involve multiple choices over the use of land 
and water resources. Given the complexities and inter-dependencies between aspects of 
the biophysical environment, the exploration of catchment issues can not be undertaken 
in isolation. Discipline-specific approaches are often not appropriate for policy analysis. 
There is, therefore, a niche for modelling tools that integrate a number of disciplinary 
models and can be used to explore changes in key indicators with changes in key 
drivers. 
The mam function of the Biophysical Toolbox presented within this thesis is to 
discriminate between scenarios. Confidence in relative changes in indicator outputs and 
directional changes are realistic aims, unlike absolutely accurate estimates. Obtaining 
absolute values accurately is rendered difficult by the inherent complexity of natural 
systems and the often limited data with which to drive models. 
The issue of data scarcity is particularly relevant for northern Thailand. Considerable 
effort was required to keep the models in the toolbox relatively simple in terms of their 
structure and number of model parameters, as integrating the models within a toolbox 
can be reasonably complex. 
8.3 Methodological Aspects 
8.3.1 Rainfall Interpolation and Generation of Inputs to the Models 
Spatial interpolation of monthly rainfall was undertaken using the ANUSPLIN package 
(Hutchinson, 2000). The package is applicable for the spatial interpolation of noisy 
multivariate data using thin plate smoothing splines. The process for generating rainfall 
surfaces in ANUSPLIN applied in this thesis is: 
• fit a thin plate smoothing spline to the data SPLINA sub-program, and 
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• interrogate the spline surface with a DEM to obtain a grid of rainfall values 
using the LAPGRD sub-program. 
trivariate spline the was 
independent variables x, y, 
Given the lack daily 
h were longitude, latitude 
available for the catchment, 
where the three 
elevation respectively. 
which to drive the crop 
and hydrologic modules, a scaling procedure was employed to generate daily rainfall 
series. This procedure was based on the assumption that the ratio of long-term mean 
monthly precipitation (for each subcatchment) to the mean monthly precipitation 
calculated for a base station is equal to the ratio of rainfall on each particular day for this 
subcatchment to rainfall measured on this day at the same base station. 
8.3.2 Crop Modelling 
The conceptual crop model, CATCHCROP, requires climatic time series (rainfall and 
potential evapotranspiration) as input. It outputs predicted crop yields, crop water use 
and requirements (ETA, DEM), and water balance constituents (DD, RO). The 
methodology for predicting crop yields and water use of crops can be summarised as 
follows: 
• runoff is calculated according to a modified SCS (1972) equation m which 
runoff occurs when rainfall exceeds the infiltration rate of the soil determined by 
the soil type and the crop type. A correction is applied for application of the 
model to steep slopes 
• evaporation from the soil surface - a dominant source of losses during the initial 
growth stage of the crop or bare fallow periods - is taken into account 
• a water balance is constructed for the soil and crop available reservoirs and deep 
drainage. Rainfall and irrigation are considered as inputs to, and vertical 
drainage and runoff as outputs, from the system 
Chapter 8: Discussion and Conclusions 242 
• maximum evapotranspiration (ETMi), the sub-optimal ET (ETC) (the maximum 
evapotranspiration for a crop under fertility constraints), and actual 
evapotranspiration (ET Ai) are calculated for the each time step i, and 
• crop yield is calculated according to a crop's potential yield, the water stress of 
the crop, and the evapotranspiration deficit, expressed as the ratio between the 
cumulative values of ETAi and ETMi during the growing period. 
The first four steps are performed for each timestep prior to calculation of the crop 
yield. The sensitivities of the model outputs to changes in model parameters were 
assessed by systematically varying model parameters and comparing model outputs. 
8.3.3 Erosion Modelling 
Application of the USLE is a reasonably simple process. The major task is calculating 
appropriate values for the topographic factor (LS). Slope length and downslope angle 
were calculated using the methodology described by Van Remortel et al. (2001). A 
number of equations for calculating LS and rainfall erosivity (R) have been presented in 
the literature. The equations applied in this thesis have previously been used in northern 
Thailand, including the Mae Chaem catchment (NRC, 1997). As a departure from the 
standard application of USLE on an annual basis, the equation was applied separately 
for both the wet (April to November) and dry (December to March) seasons. This was 
to allow for the running of scenarios affecting cropping patterns during the wet and/or 
dry season. Additionally, the USLE was applied on a land unit basis as opposed to a 
grid basis, and the differences in predictions compared to applications on a grid basis 
were investigated. This meant that the Biophysical Toolbox did not require GIS 
functionality, a feature that was considered likely to add to the complexity of the 
toolbox, and perhaps restrict application of the toolbox, more widely by target agencies 
in Thailand. Additionally, methods for allocating the crops spatially within the 
catchment for a new scenario would be required. This is problematic in that it requires 
further assumptions to define how crops are allocated within land units. 
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8.3.4 
The hydrological was developed to explore impacts of land use change on 
hydrological response, and provide a means of estimating hydrologic response 
ungauged catchments. The procedure comprises the following steps: 
• the IHACRES model is used to calibrate streamflow for the reference (or 
gauged) catchment under specific land cover conditions 
111 the CATCHCROP model is run for a for forest and fallow on all land units in 
both the reference and model catchments to get estimates of surface runoff (RO) 
and deep drainage (DD) 
• lumped catchment estimates of RO and DD are calculated based on the area of 
each land unit and the forested area for each land unit 
• the volumetric storage coefficient, c, for the reference catchment is scaled 
according to the ratio of the areas of the simulation catchment (au) to reference 
catchment (ag) and the ratio of (RO+DD) for the reference and simulation 
catchments (under new forest cover scenarios, the area term cancels out) 
• the quick (vq) and slow flow (vs) volume components of streamflow for the 
ungauged catchment (and/or under a forest cover change) are obtained by 
scaling the volumes calibrated for the reference catchment according to 
catchment estimates of DD and RO. The slow flow component is assumed to be 
dominated by DD, and the quick flow component is assumed to be controlled by 
RO, and 
• streamflow is then simulated using the re-calculated c parameter and quick and 
slow flow volume components. All other parameters calibrated for the reference 
catchment are assumed to be the same for the ungauged catchment. 
The process for applying the IHACRES model to a catchment can be summarised as: 
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II} calculation of the effective rainfall from the measured precipitation using a 
non-linear transformation that accounts for basic catchment loss dynamics 
• application a linear that routes effective 
configuration of storages, each a hydrograph function, and 
e selection of the 'best of model parameters according to performance 
statistics - including maximising R2 and minimising bias. Other criteria such 
as the cross correlation between model residuals and model output should be 
considered to identify any systematic relationships between the residuals and 
outputs. These can be used to exclude models from the consideration as the 
best set. 
The regionalisation procedure was tested on gauged sites treated as though they were 
ungauged sites, and modelled streamflow was compared with observed streamflow 
using R2 and bias performance statistics. Issues relating to the sensitivity of model 
outputs to changes in the CATCHCROP crop model parameters were assessed by 
systematically varying parameter values and comparing model outputs. The 
regionalisation technique applied in this thesis was restricted in its complexity and by 
the degree to which the model could be tested and verified. Insufficient hydrologic data 
existed to draw more conclusive relationships between IHACRES model parameters 
and landscape characteristics. 
8.3.5 The Biophysical Toolbox 
The individual crop, erosion, and hydrology modules were integrated within a toolbox 
for assessing water resource management. Application and testing of the individual 
models provide insight into potential issues when integrating these modules within the 
Biophysical Toolbox; namely, issues of sensitivity of the output to changes in inputs or 
model parameters. 
Another issue requiring consideration when integrating models is the scale of inputs and 
outputs of the models. It is essential to ensure that model outputs from one model are at 
the correct temporal and spatial scales to be used as inputs to other models. The models 
in the Biophysical Toolbox operate at a number of spatial and temporal scales. The crop 
Chapter 8: Discussion and Conclusions 245 
and erosion models operate on a unit basis, where the models are applied to each 
land type within the catchment. No spatial variation within land units is considered 
to occur. The crop model operates on a 10 day time step whereas the erosion model is 
applied on a 
catchment estimates of 
ungauged points within 
linked. 
hydrologic model, on the other hand, outputs lumped 
discharge. These estimates were required at (often) 
catchments so that the and hydrologic models could be 
A scenario/indicator approach is implemented in the toolbox, whereby a number of 
scenarios can be implemented and the outputs can be compared by looking at changes 
within and between the indicator sets. The main indicators from the Biophysical 
Toolbox are: crop yield (t/ha), the total water over the growing season required for the 
crop to evaporate at full potential (mm), the total irrigation applied throughout the 
season (mm), residual strearnflow (ML) (the remaining streamflow after irrigation 
abstractions), gross erosion loads (t), and erosion rates for land units and crops (t/ha). 
8.4 Summary of Individual Model Results 
8.4.1 Crop Modelling 
The CATCHCROP model was applied to the Mae Uam subcatchment in Chapter 3 to 
explore (a) the impacts of irrigation, fertilisation, and bunding status on model outputs, 
and (b) the sensitivities of the model outputs to values of the model parameters. Model 
outputs were shown to be plausible when land management - irrigation status, 
fertilisation levels, and whether or not plots within the land unit are bordered by bunds -
of the crop was varied. For irrigated crops, less irrigation was required with bunds 
because water is retained in the plot. Considerable variability in the sensitivity of 
CATCHCROP outputs to parameter values was shown. Of the 15 parameters to which 
the sensitivity of the surface runoff, deep drainage, and crop yield outputs were tested, 
yield estimates were sensitive to 10 parameters, deep drainage was sensitive to 11, and 
surface runoff was sensitive to three model parameters. 
CATCHCROP represents a compromise between simple empirical approaches and 
detailed crop simulation models. Despite the relative simplicity of the CATCHCROP 
model, the model still requires values for 19 crop and soil parameters. These parameters 
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can be difficult to measure and potentially vary considerably in a land unit. A limitation 
of the application CATCH CROP this thesis was the fact that climate inputs, 
particularly rainfall and potential evapotranspiration were unavailable. 
8.4.2 Erosion Modelling 
The USLE has been applied widely Thailand usmg a number of equations 
representing the individual factors, particularly those describing the rainfall erosivity 
(R) and topographic (LS) terms. Although estimates of potential erosion were sensitive 
to the choice of these equations, the choice of equations should not affect the utility of 
the Biophysical Toolbox where direction and relative values of indicators between 
scenarios are important. Similar values of the erosion susceptibility term in the USLE 
were obtained for each land unit by applying the procedure (a) using lumped values for 
each land unit and (b) on a grid-basis. As the indicator of potential erosion within the 
Biophysical Toolbox is the mean erosion rate for each land unit within a node, it was 
deemed reasonable to use a lumped approach. 
More complex erosion models are often restricted in their applicability due to the large 
amount of data, and numbers of parameters, required to drive them. If applied correctly, 
the USLE is useful for providing indicators of which crops are suitable for a land unit 
type and which land management practises are required to reduce annual erosion rates 
to an acceptable level. 
8.4.3 Hydrological Modelling 
8.4.3.1 Predicting Flows in Ungauged Catchments. 
The regionalisation procedure in this study produced variable results. The procedure 
generally overestimates annual, wet season, and dry season discharge. Despite not 
predicting the magnitude of discharge accurately, the procedure captures relative 
changes more effectively. Also, the procedure seems capable of discriminating between 
catchments and is sensitive (in the right manner) to changes in climate from year-to-
year. The procedure should thus be capable of distinguishing between scenarios of 
forest cover and climate and, although not yet accurate on the magnitude of discharge, 
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appears capable of showing relative changes in discharge between scenarios. The 
procedure was shown to be reasonably sensitive to soil type. 
A potential criticism of the procedure is that the repartitioning of streamflow between 
the quick and slow flow component in response to forest cover changes scenarios is 
perhaps extreme. Whether baseflow would in reality be reduced to extremely low levels 
under deforestation - assuming infiltration rates under forest are higher than non-
forested covers - is questionable. The assumption that quick flow is proportional to 
plot-scale estimates of surface runoff (RO), obtained from CATCHCROP, and slow 
flow is proportional to deep drainage (DD) may be too simplistic. This presupposes that 
all surface runoff that is generated moves directly into the stream network; in reality it is 
likely that some will percolate into the soil surface before reaching the stream, thus 
contributing to the baseflow. Alternatively, the river network may be leaky in that water 
can infiltrate the channel surface and contribute in this way to base flow. 
8.4.3.2 Predicting Flows under Forest Cover Scenarios 
Twelve scenarios of forest conversion were performed in the Mae Uam subcatchment to 
illustrate the effect of forest cover on the catchment estimates of deep drainage (DD) 
and surface runoff (RO), and the impact on the quick flow and slow flow components of 
streamflow. Decreasing forest cover increases the catchment estimates of RO whilst 
decreasing DD. This increases streamflow entering the river network as quick flow and 
reduces the baseflow component of streamflow, which corresponds to an increase in 
annual and wet season discharge, and a decrease in dry season discharge. The relative 
quick and slow flow volume components of streamflow are strongly sensitive to 
changes in forest cover. It was not possible to verify the behaviour of the model under 
forest cover changes given limited data records and minimal forest cover changes over 
the period of record. 
8.4.3.3 Sensitivity of the Hydrological Module to CATCH CROP Soil and Crop 
Parameters 
The sensitivity analysis performed in Chapter 6 focussed on the effects of 
CATCHCROP parameters on the re-partitioning of streamflow between quick and slow 
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flow. Six CATCHCROP model parameters were identified which greatly impacted 
upon estimates of percolation and surface runoff. 
8.4.4 General Comments. 
A number of limitations were placed on the modelling approaches in the Biophysical 
Toolbox. The limited availability of data did not warrant the development of highly 
complicated modules. Without the data necessary to drive complicated models, more 
simple representations of the system being modelled may provide superior model 
performance. 
The focus in this work has been on developing tools capable of providing information as 
to the relative and directional changes of environmental indicators between scenarios. 
The question is: are we able to be confident in the relative changes in indicator outputs 
between scenarios and, secondly, are the indicators selected in the toolbox sensitive 
enough to allow us to be able to discriminate between scenarios? From the discussion 
provided to date, it is evident that some aspects of the toolbox require further testing to 
establish a positive response to these questions. This is particularly the case for the 
hydrologic component. More confidence can be placed in the outputs from the crop and 
erosion model, although this thesis identified a number of crop model parameters to 
which outputs are particularly sensitive. 
The understanding of how aspects of hydrologic response vary with changes in forest 
cover in tropical and sub-tropical regions is far from clear. In the literature, the 
magnitude of increase or decrease in annual, wet season or dry season discharge has 
been shown to vary considerably between catchments. It is difficult to be confident 
about relative changes in indicators of streamflow and residual streamflow from the 
Biophysical Toolbox between different scenarios affecting forest cover without 
hydrologic data from Mae Chaem subcatchments (or similar catchments) where 
extensive forest cover changes have occurred. 
A few tenuous comments can be made about the output of the hydrologic model. 
Changes in annual, wet season and dry season discharge under deforestation scenarios 
in Mae Uam did not show much response in discharge until forest removal of the order 
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of 13% percent. From the literature, it appears that, at least in small catchments, a 
change in forest cover approximately 20% is necessary before changes streamflow 
are observed (e.g. Bruijnzeel, 1990; Johnson, 1998). This suggests that the hydro logic 
module incorporated 
degree similar to 
Biophysical Toolbox is sensitive to forest cover changes to a 
observed the field, at least in small catchments. In large 
catchments or at basin scales, the change in forest cover required to observe changes in 
hydrologic response is not well established - some literature has identified that changes 
in hydro logic response may not be obvious even with large forest cover changes (e.g. 
Wilk et al., 2001). 
The mam findings of the sensitivity analysis performed for the whole Biophysical 
Toolbox, which extended the analyses of the individual models, are that: 
• despite the potentially large impacts of CATCHCROP parameter values on the 
re-calculation of the hydrology parameters, large differences in total seasonal 
discharge did not occur, and 
• the sensitivity analysis highlighted the difference in the sensitivity of model 
outputs between different land units and different land management types. 
The sensitivity analyses show that two of the CA TCHCROP parameters do not impact 
greatly on any of the focus indicators. Although the sensitivity analysis was not 
exhaustive in that the effects of covariation between parameters were not considered, 
this illustrates that there is potential for simplifying the CATCHCROP model. 
8.5 Conclusions 
8.5.1 Methodology 
The major outcomes of this thesis were the development of (a) a simple regionalisation 
approach for predicting hydro logic response in ungauged catchments, (b) a procedure 
for predicting hydrologic response under forest cover changes based on water use of 
forest and non-forest covers, ( c) a toolbox capable of assisting in the exploration of 
options for land and associated water resource management. 
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The models incorporated the Biophysical Toolbox 
~ are relatively data requirements 
• have relatively parameter requirements thus, limiting problems with model 
identifiability and error accumulation 
• were constructed keeping in mind the requirements of potential users of the 
toolbox, particularly terms of the scale at which resource management 
agencies focus their work (e.g. land unit approach to land use planning, 
catchment approach to resource management) 
• have shown generally plausible outputs 
parameter values, and 
response to changes m inputs and 
• are relatively easily transferred to other catchments in the region. 
The toolbox was developed such that adaptation to other catchments would be relatively 
simple if additional models, or replacement of existing models, were required. 
8.5.2 Model Outputs 
The main conclusions from the scenano simulations and testing performed on the 
Biophysical Toolbox are that 
• deforestation scenarios do not greatly impact streamflow, although increases in 
potential erosion are extreme 
• upland rice and vegetable crops are particularly susceptible to 'unacceptable' 
rates of erosion on steeply sloping lands 
• wet season crop yields are more dependent on plot fertility than on irrigation or 
bunding status, and 
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• in the dry season, when insufficient rainfall occurs to meet crop requirements, 
irrigation is key determinant crop yield. 
These results have a number of land managers subcatchments 
like the Mae Uam. suggest that more focus should be directed towards erosion 
mitigation than to the effects of deforestation on discharge. Even the dry season, 
where the effects of deforestation on discharge were most apparent, the streamflow was 
sufficient for irrigation purposes in upstream and downstream nodes. The question is 
whether there is sufficient water for downstream users such as industry, population, 
more intensive agriculture or aquaculture, and other users. Application of the toolbox in 
more intensively used catchments in the region, with greater competition and demand 
for water resources, should show the types of effects that have previously been reported 
in the lowland areas of northern Thailand. such regions, where more land suitable for 
intensive agriculture is available, increased cropping with an associated increase in 
demand for water may place water resources at risk, both locally and further 
downstream. 
Extensive clearing of steep upland land units will lead to dramatically increased rates of 
erosion. This could potentially have impacts on both crop productivity and 
sustainability and water quality. Unless appropriate management practices are put in 
place (such as terracing) these land units should not be cleared and cropped. In 
particular, upland rice crops and vegetable crops (cabbage, potato and onion were 
simulated in this thesis) were identified as susceptible and can be considered unsuitable 
for these areas. Low sloping land, and particularly bunded plots, are not prone to large 
rates of erosion. Bunded plots are a potential zone of deposition rather than a source of 
sediment. As such, the impact of land use activities and land management on erosion 
rates from low sloping and bunded plots is not significant and therefore prescribed 
limitations are not required. 
8.5.3 Future Work 
Currently, the Biophysical Toolbox includes model components that address some of 
the major issues in the Mae Chaem catchment in northern Thailand. Increased 
functionality of the toolbox would ensue from the inclusion of water quality modules 
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and improvement of the erosion module. The erosion model currently applied has the 
advantage of being relatively ease to use, is widely adapted within government agencies 
in Thailand for land use planning, and provides a useful indicator of potential gross 
erosion. However, the utility, and maybe the accuracy, of the Biophysical Toolbox 
would be enhanced by the explicit consideration of rainfall-runoff processes in 
detaching and transporting sediment. Also, if the toolbox is to be applied to catchments 
undergoing rapid intensification, then the issue of increased road density may become 
important. Recent research has indicated that highland regions of northern Thailand are 
prone to extreme rates of erosion from roads. Development of a tool that allows 
catchment managers to explore sediment generation under scenarios of changing road 
networks may be of value. This may, however, necessitate a move to a fully, or at least 
a more, distributed approach compared with the land unit based approach used in this 
thesis. 
Further testing of the Biophysical Toolbox is required, particularly those aspects of the 
package that could not be rigorously tested in the Mae Chaem catchment due to data 
constraints. In particular, the regionalisation procedure requires further attention. More 
work is required to improve the links between the plot-based estimates of surface runoff 
and deep drainage from the CATCHCROP model and the catchment scale quick and 
slow flow components of streamflow. Relating landscape and vegetation attributes to 
other parameters of the IHACRES model may have improved model performance 
further. 
At times during the wet season, the rainfall over a 10 day time step is less than the crop 
water demand from the previous time step. However this did not significantly limit 
yields from non-irrigated crops. Rather, fertility is the limiting factor in the wet season 
(see Section 8.5.2). Improving the fertility of the plot may improve yields from irrigated 
crops without the crop requiring additional water. In the dry season, irrigation needs to 
be applied regardless of the fertility of the plot, but improving plot fertility may reduce 
irrigation requirements without decreasing yields if a balance is struck. The Biophysical 
Toolbox could be used to investigate scenarios of increasing wet season yields by 
increasing the fertility of the plot so as to decrease the reliance of farmers on cropping 
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during the dry season. This may result in the benefit of increased dry season flows 
downstream. 
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General 
ACIAR 
Bund 
IWRAM 
Land Unit 
LDD 
Node 
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1. lossary 
Australian Centre for International Agricultural Research 
Small banks of 30 to 50 cm high are constructed around 
plots to retain water. 'Basin irrigation' requires the 
division of a field into small units with each close to level 
surface. By surrounding each unit with bunded, a basin is 
formed. For crops such as paddy rice that require periods 
of inundation the basin is filled with water. The water is 
then retained within the basin until it infiltrates or until the 
farmer drains off the excess. 
Integrated Water Resources Assessment and Management 
project 
The land unit approach reflects the soil type and 
topography of a class and can be used to that define the 
likely yield of a crop on a particular land unit (or land 
suitability class). The approach is used by the LDD for 
land use planning and forms the fundamental modelling 
unit for the CATCHCROP and erosion models employed 
within the Biophysical Toolbox. 
Land Development Department in Thailand 
Nodes represent zones of distinct activities and locations 
where indicators are computed. For the Mae Uam 
subcatchment, for example, two nodes were considered 
{See Below}. Node 1 is the upstream node above the 
Thung Yao village, whilst node 2 is the downstream node 
at the Ban Chiang village. 
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Rai 
Residual Streamflow 
RFD 
RID 
RPF 
Scenario 
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·•· 
Unit of area commonly used in Thailand (1rai=0.16 ha) . 
Streamflow present at a node after all irrigation 
abstractions. 
Royal Forestry Department in Thailand 
Royal Irrigation Department in Thailand 
Royal Project Foundation of Thailand 
Scenarios are developed to explore the possible impacts of 
land management or climate on land and water resources. 
Within the Biophysical Toolbox, scenarios may include 
forest cover changes, changes to cropping patterns, land 
management options and natural variability such as 
climate. 
CATCHCROP model parameters and outputs 
cc 
cs 
DD 
DEM 
ETA 
A correction factor due to crop management 
Slope correction factor (CS) 
Deep drainage is the water that moves beyond the root 
zone of the crop. 
Water demand of the crop defined as the difference 
between the ETC and ET A. 
Actual evapotranspiration of a crop 
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IS 
IR 
KCini 
KCmid 
KCend 
Lini 
Ldev 
Lmid 
Lend 
p 
RDini 
RDend 
RO 
SD 
TAW 
TEW 
REW 
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Daily infiltration rate for a given type of soil 
Irrigation to be applied to the crop. If the crop water 
demand is less than the amount of water available in the 
stream, then irrigation is equal to the crop water demand. 
100% efficiency in irrigation is assumed. 
Initial crop coefficient 
Crop coefficient in the middle stages of the crop. 
Final crop coefficient 
Length of the initial growth period. 
Length of the developmental growing period 
Length of the middle growth stage of a crop 
Length of the final growth period 
The fraction of soil water that a crop can extract without 
suffering moisture stress is defined by a crop specific 
parameter 
Initial root depth 
Final root depth 
Surface runoff calculated using a modified SCS equation 
Maximum soil depth above a limiting layer 
Total amount of water in the soil reservoir, available for 
crop evapotranspiration 
Total amount of water available in the surface reservoir, 
available for soil evaporation 
Total amount of water available in the surface reservoir, 
readily available for soil evaporation 
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IHACRES model parameters, and model inputs, states and 
outputs 
c 
f 
r(k) 
s(k) 
t(k) 
u(k) 
y(k) 
pq 
v =--
q l+a q 
the 'volumetric storage coefficient' defining the fraction 
of rainfall that adds to soil moisture 
the temperature modulation of drying rate 
observed rainfall at time step k 
soil moisture index at time step k 
observed temperature at time step k 
effective rainfall at time step k 
streamflow at time step k 
quick flow recession rate 
slow flow recession rate 
fractions of u(k) for peak response 
drying rate of the catchment 
relative volume of quick flow response 
relative volume of slow flow response 
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Appendix Generation of Rainfall Surfaces 
A number of methodologies exist for the development of spatially distributed rainfall 
estimates or surfaces using interpolation of point data sources. The techniques for 
interpolation of point has ranged from simple trend surface analyses and local bi-
variate interpolation techniques such as those based upon Theissen polygons and 
Inverse Distance Weighting (IDW), through to more sophisticated statistical models. 
Such statistical approaches include the use of splines and kriging. Kriging and thin plate 
splines are commonly used for data interpolation and are essentially similar, differing 
only in the way in which parameters are estimated. 
Theissen polygons are a commonly used technique for constructing regions around data 
points and are formed by the perpendicular bisectors of lines joining nearby stations 
(Chow, 1964). Polygons are constructed such that the boundaries of the polygon are of 
equal distance between neighbouring points. This technique was devised by Theissen 
(1911) to interpolate climate data from highly uneven distributions of weather station 
data. The use of this technique is limited as the shape of the polygon is dependent on 
the location of the data points - thus the polygons may not necessarily match the spatial 
distribution of rainfall. In addition, points closer together are not assumed to be more 
similar than points that are farther apart - unlike the distance weighting methods. 
Inverse Distance Weighting (IDW) consists of a linearly weighted combination of a 
point data sets in which the weight is a function of inverse distance and is used to 
determine cell values and the interpolated surface (Tsanis and Gad, 2001). Inverse 
Distance Weighting (IDW) does not make assumptions about spatial relationships 
except that nearby points are more closely related than distant points to the value at the 
interpolate location. The importance of known data points is controlled by two 
coefficients; the power and the radius object. Increasing the power gives greater 
weighting to nearby data, thus creating a rougher interpolated surface with more detail. 
This last point potentially makes the procedure susceptible to data point errors. Setting 
the radius object as variable or fixed can limit the number of data points to be used in 
the interpolation. IDW requires an even and sufficiently dense network of data points 
with regard to the local variation. The formula used for IDW is: 
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= (z; !(hu + s )P )1(11(hu + s )P) (2.2) 
where is the estimated location j, Zi is the measured sample value at point i, 
hiJ is the distance between and z1, s is a smoothing factor; p is a weighting power. 
Kriging methodologies have been widely used for interpolating climate data (e.g. Tsanis 
and Gad, 2001). Kriging surfaces are defined by minimising the variance of the error of 
estimation. The variance generally depends on a preliminary variogram analysis 
(Hutchinson and Gessler, 1994). In contrast to spline techniques, the resulting surface 
from kriging techniques may or may not be smooth. 
Thin plate smoothing splines are commonly used for interpolating multivariate noisy 
data (Hutchinson and Gessler 1994; Hutchinson, 1998a; Hutchinson, 1998b; Tsanis and 
Gad 2001). Splines are, under certain circumstances, comparable to kriging techniques 
(Kent and Mardia, 1994). Splines are a purely statistical interpolation technique, taking 
no account of the physics of rainfall distribution (Hutchinson and Bishof, 1983). As 
distinct from kriging, splines are defined by minimising the roughness of the 
interpolated surface, subject to having a prescribed residual (Hutchinson and Gessler, 
1994). Thus, they give rise to smooth and easily interpretable surfaces. A number of 
types of spline models exist, ranging from bivariate thin plate splines that consider no 
topographic dependence to those that consider other factors such as topographic 
attribute (e.g. slope, aspect, elevation). Hutchinson ( 1998b) considered five functional 
forms of thin plate spline models in analysing topographic dependence on rainfall 
(Table 1). Hutchinson (1995) noted that thin plate splines provide two advantages from 
the point of view of robust calibration. Firstly, the underlying spatial covariance 
functions that give rise to the splines have only two parameters. Secondly, the method 
of calibration of the splines do not depend directly the adequacy of a stationary 
covariance function. 
The variability of rainfall combined with dependencies of rainfall on elevation requires 
an approach that considers both position within the catchment and additionally elevation 
trends. Hutchinson (1995) noted the strong dependency of temperature upon elevation 
and significant - if less systematic - dependencies of precipitation on elevation. In 
Appendices 286 
terms of the methods briefly described, the two techniques that may be appropriate are 
kriging spline methodologies. mentioned previously, thin plate splines and 
kriging techniques have close formal connections. Whilst splines give rise to smooth 
easily interpretable surfaces, kriging may or may not be particularly smooth. 
Hutchinson and Gessler (1994) state that 'it is not immediately apparent as to whether 
splines or kriging give to more accurate interpolation'. However, Tsanis and Gad 
(2001) noted data sets that are known to be noisy (having anomalous pits and 
spikes) or that have abrupt changes may not be appropriate for kriging techniques. In 
some situations, having control over surface roughness as with thin plate splines - can 
produce interpolated surfaces at least as accurate as kriging methodologies. The noisy 
data of the Mae Chaem catchment and strong elevation changes suggest that splines 
may be an appropriate technique for application. 
Table 1. Functional forms of thin plate splines (from Hutchinson, 1998b ). 
Functional fonn Description 
f(x,y) Bivariate thin plate spline - no topographic dependence 
f(x,y) +ah Trivariate partial thin plate spline - constant dependence on 
elevation 
f(x,y,h) Trivariate thin plate spline - spatially varying dependence on 
elevation (commonly used to model monthly mean precipitation 
and temperature) 
f(x,y) + ap +bq Quintvariate partial thin plate spline - spatially varying 
dependence on elevation and a constant dependence on the two 
components of the unit vector to the DEM 
f(x,y,p,q) Quartvariate thin plate spline - spatially varying dependence on 
slope and aspect from a DEM. No explicit dependence on 
elevation 
Generation of Rainfall Inputs for Biophysical Modelling 
Interpolation Methodology 
Rainfall interpolation within this thesis was achieved using the ANUSPLIN package 
(Hutchinson, 2000; Hutchinson and Gessler, 1994). The package is applicable for the 
spatial interpolation of noisy multi-variate data using thin plate smoothing splines 
(Hutchinson and Gessler, 1994 ). Splines are defined by minimising the roughness of 
the interpolated surface, subject to having a prescribed residual from the data. This is 
distinct from kriging methodologies where surfaces are defined by minimising the 
variances of the error estimation. 
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The process for generating rainfall surfaces in ANUSPLIN applied in this thesis is 
shown in Figure 1. For files with less than 2000 data points the SPLINA sub-program 
is used to fit a thin plate smoothing spline to the data. This program produces six output 
files; 
• a residual file (.res) that is used to check for data errors, 
• a file containing parameters used to calculate the optimum smoothing 
parameters (.opt), 
• a surface coefficients (.sur) file that contains the coefficients defining the fitted 
surfaces, 
• a data list file (.lis) that contains a list of data and fitted values with Baynesian 
standard error estimates that are useful for checking for data errors, 
• an output covariance file (.cov) that contains error covariance matrices of fitted 
surface coefficients, and 
• a file of summary statistics and ranked residuals, in descending order (.log) . 
Once errors have been re-run with corrections, the output covariance and surface 
coefficients files are then used by the sub-program LAPGRD to interrogate the spline 
surface with a Digital Elevation Model (DEM) to obtain a grid of rainfall values. The 
output files containing large residuals (.res) and optimisation parameters (.opt) were not 
used in this process. These files are used for other programs in the ANUSPLIN 
package which were not required here. 
2.4.2.1 Features of Rainfall 
Mean monthly rainfall surfaces were produced for the Mae Chaem catchment and 
surrounding areas using average monthly rainfall for 79 stations in the Chiang Mai and 
Mae Hong Son Province. Details of the stations are provided in Appendix 3. Figure 2 
shows the location of the gauges along with the 1 km DEM for the area. A number of 
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features of the rainfall used to develop the rainfall surfaces require attention. It is 
widely recognised that rainfall typically displays complex patterns spatially, particularly 
in mountainous regions 
with the common problem 
Hutchinson, 1998b; Watling et al. 2000). Combine this 
very densities of rain gauges high altitude regions 
and the task of interpolating rainfall increases in complexity. Most of 79 stations 
used were located lying areas close to Chiang Mai city, Relatively few stations 
have been established in high elevation regions of the catchment and on the western side 
of the Mae Chaem. 
Log file (.log) 
and List file (.!is) 
Error covariance 
file (.cov) 
Point Data File 
Contains for each data point: 
Latitude 
Longitude 
Elevation 
12 mean monthly rainfall values 
l 
Surface coefficients 
file (.sur) 
Surface and standard 
error grid files 
Input to ADDNOT or 
DELNOT programs (not 
required in this 
situation) 
t 
Large residual 
file (.res) 
Optimisation 
parameters file 
Used as an input to 
A VGCV A or A VGCVB 
(not required in this 
situation) 
Figure 1 Generation of rainfall surfaces using ANUSPLIN (adapted from Hutchinson, 2000). 
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Figure 2. Location of the rainfall gauges used within the generation of mean monthly rainfall 
surfaces using the ANUSPLIN program, and the 1 km DEM used to interrogate the derived 
surfaces. 
The variability in the annual rainfall as a function of elevation is illustrated in Figure 3. 
While there is a strong trend of increasing rainfall with higher elevations, a large 
amount of scatter exist suggesting rainfall in this region is controlled to a large extent 
not only by elevation, thus requiring a technique that incorporates spatial variations as 
well as elevation dependence. 
Generation of Rainfall Surfaces 
A trivariate thin plate spline of the form f(x,y,h) was applied, where the three 
independent variables are longitude, latitude and elevation respectively. This form of 
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spline is commonly used to obtain mean monthly surfaces of both temperature and 
precipitation and is appropriate in areas with strong relationships between rainfall and 
topography (Hutchinson, 2000). 
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Figure 3 Average annual rainfall (mm) versus elevation (masl) for the raingauge stations used in 
interpolation procedure. 
Preliminary analysis of the data showed a high degree of spatial variability within 
monthly rainfall from the 79 stations used in the analysis. Consequently, a square root 
transformation was performed on the monthly rainfall data. Such transformations as 
square root or natural log transformations have been commonly used to reduce the 
influence of extreme values and, as they are monotonic increasing, they preserve the 
rank of the original data in the cumulative distribution (Goovaerts, 1997). In an 
environment with a degree of climate variability such as that of northern Thailand it was 
considered necessary to perform such a transformation so as to reduce interpolation error 
and provide a more robust interpolation. Despite applying this transformation, 
considerable variation within the monthly surfaces still existed, with SPLINA unable to 
converge for the months of July and November. In order to limit this further, a common 
smoothing parameter was assigned. Normally, the value of the smoothing parameter is 
determined by minimising a measure of the predictive error of each fitted surface given 
by the generalised cross validation (GCV). When a common smoothing parameter is 
applied the predictive error of all surfaces combined is minimised, resulting in a 
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common smoothing directive for all. Table 2 shows monthly statistics (signal, and 
approximate untransformed root GCV) for the interpolated surfaces using (a) a square 
root transformation only, and (b) a common smoothing parameter in addition to 
transforming the original data. The signal indicates whether or not the surface fitting 
procedure has been successful. The surface fitting procedure is considered to have failed 
to find a optimum smoothing parameter if the signal is the maximum possible (equal to 
the number of data points and flagged by an asterisk in Table 2) or the minimum 
possible. When the signal reaches its maximum value the fitted spline is a least squares 
regression - or exact spline interpolation (Hutchinson and Gessler, 1994). This implies 
that there is no measurement error or microscale variation. By imposing a common 
smoothing parameter this was avoided. 
Table 3 shows the top ten ranked residuals for all the surfaces using a common 
smoothing parameter. This illustrates that there is still considerable variability between 
observed and fitted values at many points within the catchments. The Mae Ngat Dam in 
particular has high residuals whilst there is a more gradual decrease in the root mean 
square residual moving down the list. 
The generated surfaces were interrogated with a 1 km2 grid cell resolution DEM to 
produce the grids of mean monthly rainfall shown in Figures 2.15 to 2.18 in Chapter 2. 
A resolution of 1 km is sufficient to show macroscale variations in rainfall with 
elevation, without being too coarse. The more reliable surfaces appear to be those for 
the wetter months where trends in rainfall distribution are more apparent. In dry 
months, the variability of rainfall is more extreme. For example, the mean surface for 
January showed a reverse elevation trend for the main channel of the Ping River below 
Mae Chaem town (see Figure 2.15 in Chapter 2). General trends in the rainfall surface 
is a decrease in rainfall moving westwards across the Mae Chaem catchment, although 
the lack of gauges in this region may act to enhance this trend. Most of the stations 
used to generate the surfaces were located to the east of the Mae Chaem catchment, in 
the surrounds of Chiang Mai city. This potentially introduces bias towards these data 
points, although decreasing the number of data points from the 79 stations used in the 
final interpolation did not improve the surfaces statistically. Ideally, ANUSPLIN 
should be run with a large number of stations and as such it was considered that 
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decreasing the number of stations in the Chiang Mai region further to reduce bias would 
not significantly improve performance of the interpolation procedure. 
Table 2 Monthly statistics (signal and approximate untransformed root GCV) for two spline 
interpolations performed using (a) a square root transformation only, and (b) a common smoothing 
parameter in addition to transforming the original data (Note that as a common smoothing 
parameter is applied the signal for all months is the same). 
Month (a) (b) 
Signal Approximate Signal Approximate 
Untransformed RTGCV Untransformed RTGCV 
January 55.4 6.03 63.5 6.15 
February 63.2 2.84 63.5 2.84 
March 53.1 8.47 63.5 8.58 
April 51.1 8.16 63.5 8.27 
May 63.9 26.5 63.5 26.5 
June 75.3 22.3 63.5 24.0 
July 79.0* 19.7 63.5 24.6 
August 64.2 29.2 63.5 29.6 
September 47.7 28.4 63.5 29.1 
October 61.3 20.0 63.5 20.1 
November 79.0* 14.3 63.5 15.3 
December 37.3 4.86 63.5 5.37 
Table 3. Top ten ranked root mean square residuals for all surfaces using a common smoothing 
parameter. 
Station Root mean square 
Rank residual 
1 MaeNgat Dam 0.445 
2 Huai Khok Ma Watershed Research Station 0.364 
3 Mae Cho Agrometeorological Station 0.363 
4 Mae Chaem, A. Mae Chaem 0.333 
5 Doi Chang Dao Watershed Research Station 0.320 
6 A. Mae Chaem 0.300 
7 Non Resident Development Unit 32, A. Chiang Dao 0.291 
8 Mae Hong Hak Siphon, A. Doi Saket 0.273 
9 A. Doi Saket 0.269 
10 Mae Sariang (Sw.9) A. Mae Sariang, 0.256 
While there is considerable variation in rainfall between nearby stations, without further 
information no more data cleaning could be undertaken. Obvious data errors in station 
locations and elevations were identified using 1 :50000 topographic maps of the region. 
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When annual rainfall was less than 500 mm the data was considered to be dubious and 
data for this year was excluded. 
Despite problems with data quality, the use of thin plate smoothing splines to 
interpolate rainfall provides a means by which both position within a catchment and 
elevation dependence are explicitly considered. Further improvements could be 
expected with more stations within the Mae Chaem catchment itself and on the western 
side of the catchment or perhaps by extending the interpolation procedure to incorporate 
aspect as another independent spline variable. Lyons and Bonell (1992) noted that 
tropical rainfall tends to be more variable than rainfall from higher latitude regions. 
Given this it could be expected that a reduction in the accuracy of generated surfaces of 
long term mean rainfall in tropical regions may occur compared with similar work in 
the temperate regions. 
Rainfall Input to Components of the Biophysical Toolbox (erosion, crop and 
hydrological models). 
The crop and hydrological models presented in Chapters 3 and 6 require rainfall inputs 
at the daily timestep for the hydrology and 10 daily timestep for the crop model. With 
the lack of daily data within the catchment, a scaling procedure was employed to 
generate daily rainfall series based upon the assumption that the ratio of long term mean 
monthly precipitation for each subcatchment to the mean monthly precipitation 
calculated for a 'base' station is equal to the ratio of rainfall on each particular day for 
this subcatchment to rainfall measured on this day at the base station. That is; 
int ( · ) mean 1 mean( · ) rk = rk station rz 1 rz station (2.3) 
where k indicates number of the day , rkint is interpolated daily rainfall for the 
subcatchment, rk(station) is rainfall measured at the 'base' station on day k , and 
rtean(i,j) - the long term mean rainfall for the month l (Schreider et al., 1997). 
Only two rain gauges within the Mae Chaem catchment had a period of record that 
coincided with existing streamflow records and land cover time slices. Consequently, 
there is doubt that the method employed to generate daily rainfall for input into the 
individual models and the Biophysical Toolbox captures the distribution of rainfall. 
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Whilst scaling for elevation differences in the amount of rainfall, the method retains the 
distribution of the base station. Ideally, the station considered to be the base station 
should vary depending on the proximity to the subcatchment. This would generate 
daily rainfall series where we can be more certain that the number of rainy days is likely 
to reflect that which occurs in the subcatchment. In the Mae Chaem, this may overcome 
problems in generating daily rainfall during summer months, particularly in higher 
elevation, or wet evergreen forest, areas where rainfall can occur all throughout the 
year. For example, from the ANUSPLIN results some areas potentially have rainfall 
during January (e.g. high elevation regions such as Doi Intanont), yet over the 10 year 
record for Kong Kan no rainfall was recorded in January. The correlation between the 
Kong Kan and Mae Mu station between 1988 and 1995 is low, (0.50), suggesting that 
there is high temporal and spatial variability of rainfall within the catchment. This 
would be expected to be more extreme between gauged sites and higher elevation 
regions. Indeed, analysis of the short coinciding period of data between the Kong Kan 
and Mae Mu stations and the Intanont Research Station clearly illustrates this point 
(0.40 and 0.45 respectively). 
Despite this, employing a scaling factor improved calibrations of the IHACRES 
hydrological model presented within Chapter 6 (Merritt and Schreider, 2000). Further 
improvements would require more daily records. As always, the outputs of a model can 
only ever be as good as the input data that is used. In data poor areas such as northern 
Thailand, issues of data quantity and quality will always be prevalent. The simple 
method to generate daily rainfall series utilised here, although flawed in its simplicity, is 
all that existing data allows. 
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Appendix 3. Station Locations for the Rainfall 
Interpolation Procedure in Appendix 2. 
ID Station Record No.of Lat. 
years 
Chiang Mai Province 
7013 Chiang Mai* 1914-1995 82 18.84 
7022 A.Saraphi 1921-95 75 18.71 
7032 A.San Kamphaeng 1921-1995 75 18.74 
7042 A.San Sai 1921-1995 75 18.85 
7052 A.Doi Saket 1921-1995 75 18.87 
7072 A.Hang Dong 1923-1995 73 18.69 
7082 A.San Pa Tong 1923-1995 73 18.63 
7092 A.Hot 1921-1995 75 18.19 
7102 A.Fang 1921-1995 75 19.92 
7112 A.MaeTaeng 1921-1995 75 19.12 
7122 A.Phrao 1921-1995 75 19.36 
7132 A.Chiang Dao 1921-1995 75 19.36 
7142 A.Samoeng 1921-1995 75 18.85 
7152 A.MaeChaem 1931-1995 65 18.5 
7162 A.Omkoi 1952-1995 44 17.8 
7172 Fang Horticulture Research 1952-1995 44 19.96 
7182 A.Chom Thong 1922-1995 75 18.42 
7192 Ban An District, KA.Doi Tao 1959-1995 37 18.05 
7202 Wang Lung, A.Hot 1959-1968 10 18.15 
7222 Oil Production Unit 1959-1995 37 19.85 
7232 Doi Chiang Dao Develop Settlement 1961-1972 12 19.26 
7242 Doi Suthep-Pui National Park 1961-1995 35 18.8 
7252 Doi Chiang Dao Watershed Research 1964-1995 32 19.27 
7262 Phuphing Ratchaniwet 1965-1995 34 18.81 
7272 Huai Khok Ma Watershed Research 1966-1977 12 18.83 
7282 Doi Bo Kaeo Seed Multiplication, A.Hot 1966-1995 30 18.15 
7292 Rice Research Institute 1962-1995 34 18.61 
7304 Mae Cho Agrometeorological Station, A San 1973-1996 24 18.9 
Sai 
7322 Huai Mae Nai Development Project 1970-1974 5 18.8 
7331 Kaeng Kut (P.-13), A.Mae Taeng 1952-1980 29 19.21 
7341 Mae Kuang (P.-25), A.Doi Saket 1964-1990 27 18.92 
7361 Mae Ngat, A. Mae Taeng 1968-1979 12 18.9 
7391 R.I.D. Office Unit 1, A.Muang 1971-1995 25 18.79 
7420 Huai Mae Faek Siphon, A.San Sai 1935-1990 56 19 
7430 Huai Mae Cho Siphon 1935-1990 56 18.9 
7440 Huai Kaeo Siphon 1935-1990 56 19.04 
7450 Huai Mae Tao Hai Siphon 1935-1990 56 18.93 
7460 Tail Regulator of Mae Faek Project 1935-1990 56 18.88 
7472 Bhurnibol Dam Self-Help 1969-1995 27 17.92 
7480 Sinthukit Pricha Weir (Mae Faek Project) 1935-1990 56 19.1 
7492 MaeAi 1970-1995 26 20 
7502 Mae Ho Phra Forest Plan 1972-1995 24 19.07 
7510 Ping River Old Profect 1970-1989 20 18.69 
7520 Mae Taeng Headwork 1974-1990 17 19.15 
7530 Mae Hong Hak Siphon, A.Doi Saket 1974-1990 17 18.88 
295 
Long. Elev. 
98.98 305 
99.04 300 
99.12 299 
99.05 306 
99.14 327 
98.92 310 
98.9 297 
98.61 278 
99.22 470 
98.95 336 
99.2 440 
98.97 393 
98.74 520 
98.37 475 
98.36 1000 
99.16 500 
98.68 286 
98.65 283 
98.7 360 
99.21 483 
98.92 900 
98.93 1000 
98.98 400 
98.9 1378 
98.87 1340 
98.39 1040 
98.9 315 
99.01 310 
98.9 260 
98.87 800 
99.13 310 
98.91 400 
99.02 307 
98.98 312 
99.02 318 
98.98 337 
99 320 
99.09 308 
98.68 260 
98.96 337 
99.26 460 
99.22 600 
98.97 305 
98.92 363 
99.15 319 
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7540 Mae Pong Siphon, A.Doi Saket 1974-1990 17 18.82 99.18 341 
7550 Ban Lorn Wua Daeng, A.San Kamphaeng 1959-1990 32 18.74 99.16 312 
7581 Huai Mae Lai (P.-36 A), A.San Kamphaeng 1977-1985 9 18.86 99.29 600 
7591 Ban Pang Toem (P.-41), A.San Pa Thong 1979-1991 13 18.62 98.75 340 
7605 Muang Khong, A.Chiang Dao 1972-1994 23 19.38 98.72 615 
7614 Kud Project, A.Mae Taeng 1972-1994 23 19.23 98.81 940 
7625 Huai Mae Ka, A.Mae Chaem 1971-1979 9 18.29 98.32 400 
7634 Mae Chaem, A.Mae Chaem 1970-1981 12 18.5 98.36 475 
7645 Kaeng Ob Luang, A.Mae Chaem 1971-1990 20 18.23 98.47 420 
7665 MaeNgat Dam 1983-1987 5 19.15 99.03 345 
7670 Mae Ngat Project (P.28A) 1984-1995 12 19.17 99.05 400 
7680 Ban Mae Thalob (G.7), A.Fang 1986-1992 7 19.71 99.21 500 
7702 A. Wang Haeng 1989-1995 7 19.56 98.64 700 
7714 Mae Chaem Forest Plantation, A. Muang 1988-1995 8 18.5 98.36 1100 
7722 Non Resident Development Unit 32, A. 1989-1995 7 19.41 98.97 460 
Chiang Dao 
7731 Ban Mae Tuen (P.64), A Om Ko 1990-1995 6 18 98.88 400 
7740 Mae Taeng Inigated Water Uses Exp. and 1986-1994 9 19.12 98.95 330 
Research Station 
7744 Huay Bong Experimental Station, A.Hot 1982-1987 6 18.17 98.42 800 
7754 Inthakhil Gene Conservation Station, A.Mae 1981-1987 7 19.13 98.95 400 
Taeng 
00001 Wat Chan Subcatchment, A. Mae Chaem 1988-1999 11 19.06 98.29 900 
00003 Pangdah 1990-1998 9 18.85 98.76 700 
00004 Intanont (Airforce Base) 1977-1999 23 18.59 98.49 2565 
00005 Huay-Numrin Subcatchment 1990-1997 8 18.46 98.52 900 
00007 Mae Cham Catchment (Mae Cham District) 1952-1998 47 18.51 98.34 700 
00012 Kong Kan 1985-1995 11 18.55 98.36 989.6 
00011 Mae Mu 1988-1995 8 18.73 98.4 1275.8 
Mae Hong Son Province 
20012 Mae Hong Son* 1920-1995 76 19.3 97.97 267 
20022 A.Mae Sariang* 1922-1995 74 18.16 97.93 212 
20032 A.Khun Yuam 1922-1995 74 18.83 97.94 615 
20042 A.Pai 1922-1995 74 19.36 98.44 505 
20062 A.Mae La Noi 1921-1995 75 18.38 97.94 353 
20074 Ban Mae Suat, A. Mae Sariang 1983-1994 12 17.89 97.96 1000 
20095 Ban Mae Ngaa, A. Sop Moei 1984-1994 11 17.86 97.97 500 
20111 Nam Pai (Sw.5A), A. Muang 1986-1995 10 19.27 97.95 200 
20132 Pang Mapha Rice Experimental Stations 1986-1995 10 19.5 98.25 550 
00010 Pai District 1953-1998 46 19.36 98.36 1400 
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Appendix 4. Crop and Soil parameters in CATCHCROP 
Soil specific parameters used in CATCHCROP (source: 
Kuneepong et al., 1990 ; Allen et al., 1998; Perez et al., 2002). 
Land Unit TAW TEW REW IS SD 
23 150 30 10 13 1500 
25 150 30 10 13 1000 
45 170 35 11 10 1500 
47 170 35 11 10 1000 
49 170 35 11 10 1000 
88 150 30 10 5 1500 
99 150 30 10 5 1500 
TA W = total H20 for crop ET in soil reservoir 
TEW= readily available H20 for soil reservoir 
REW= readily available water for soil evaporation 
IS =daily infiltration into (flat, bare) soil 
SD = maximum soil depth above limiting layer 
CS = influence of slope on IS 
cs 
1 
1 
1 
0.7 
0.5 
1 
1 
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Appendix 4 ... (continued) 
Crop specific parameters used in CATCHCROP (source: Kuneepong et al. 1990; Allen et al. 1998, Perez et al. 
2002). 
Lini Ldev Lmid 
Paddy rice 20 30 60 
Upland rice 20 30 40 
Soybean 20 30 50 
Groundnut (peanut) 25 35 40 
Maize (grain) 20 30 40 
Maize (forage) 20 20 30 
Cabbage 30 55 45 
Potato 25 30 45 
Onion 15 25 60 
Temperate fruit trees 20 70 120 
Tropical fruit trees 60 90 120 
Fallow 20 120 120 
Forest 60 90 120 
Lini =initial stage duration (cover<50%) 
Lmid =full cover stage duration (cover>90%) 
Rdini = root depth following planting 
YM = FAO influence of water stress on YA 
Kcini = crop coefficient at initial stage 
Kcend = KC during ripening stage 
CC = influence of crop management on infiltration 
Lend 
30 
20 
20 
20 
20 
10 
10 
30 
40 
60 
95 
125 
95 
KCini KCmid KC end RDini RDend 
1.05 1.2 0.9 200 500 
0.3 1.1 0.55 200 600 
0.4 1.15 0.5 200 1200 
0.4 1.15 0.6 200 1000 
0.3 1.2 0.5 200 1200 
0.3 1.15 1.05 200 1000 
0.7 1.05 0.95 200 700 
0.5 1.15 0.75 200 800 
0.7 1.05 0.75 200 600 
0.8 1.2 0.85 1800 2000 
0.95 0.9 0.95 1800 2000 
1.0 1.0 1.0 200 200 
0.95 0.9 0.95 1800 2000 
Ldev =development duration (50%<cover<90%) 
Lend = crop ripening stage duration 
Rdend = root depth at full cover stage 
KY= maximum yield without limiting factor 
Kcmid = KC during development 
P =stress factor (from FAO's methodology) 
p cc KY KM 
0.2 2 1.2 5 
0.55 2 0.9 4 
0.5 2.5 0.85 3 
0.5 2.5 0.7 3 
0.55 2 1.2 5 
0.5 2 1 15 
0.45 1.5 0.95 25 
0.35 1.5 1.1 25 
0.3 1.5 1.1 30 
0.5 3 0.9 0 
0.5 3 0.8 0 
0.7 1.5 0.0 0 
0.5 3 0.8 0 
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Appendix 5. The USLE approach to erosion prediction 
The Universal Soil Loss Equation (USLE) is a soil erosion prediction equation used 
widely within the United States and worldwide, either on its own or incorporated into 
such models as Agricultural Non Point Source (AGNPS - Young et al., 1987; 1989) 
and EPIC (Williams et al., 1984). Developed in the 1970's by the Department of 
Agriculture in the United States, the model has undergone much revision and a number 
of modifications have been developed (e.g. MUSLE). The model has also been 
upgraded to take into account additional information that has become available since the 
development of the USLE (RUSLE - Renard and Ferreira, 1993; Renard et al., 1994). 
Although USLE is an empirical model, it has some conceptual components. The model 
relates sediment delivery to slope, slope length, rainfall, erosivity and soil erodibility, of 
which the latter two are predicted both empirically and conceptually (Jakeman et al., 
1998). 
The basic USLE estimates average annual soil loss from 
A =RKLSCP 
where A is the soil loss averaged over slope length, R is the combined erosivity of 
rainfall and runoff, K is the soil erodibility, Lis the factor dependent on slope length, S 
is the factor dependent on slope gradient, C is dependent on vegetative cover and 
management and P is dependent on conservation practices (Wischmeier and Smith, 
1978). The simplicity of this equation and the availability of parameter values, at least 
in the United States, has made this model relatively easy to use (Loch and Rosewell, 
1992). 
There are a number of limitations to the USLE. The model in its original form is not 
event-based and as such can not identify those events most likely to result in large-scale 
eros10n. Gully erosion and mass movement are not considered in the erosion process 
and the deposition of sediment is not considered to occur within the area under 
consideration (Zhang et al., 1995). Runoff leaving a field generally concentrates in a 
few major channels, the profile of which are often concave such that ephemeral gully 
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erosion can occur along the upper reach of the channel and deposition occurs in the 
lower reaches of the channels. This gully erosion can be as extensive as sheet and rill 
erosion (Lane et al., 1992). Nearing et al. (1994) noted that the adaptation of USLE to a 
new environment requires a large investment of time and resources to develop the 
database required to run the model. Wischmeier and Smith (1978) noted that the USLE 
computed soil losses are not absolute and will be generally be most accurate for medium 
textured soils, slope lengths less than 122 m, gradients of 3-18% and have consistent 
cropping and management systems that were included in their studies. 
Due to the identified limitations of USLE, a number of modifications to the basic format 
for have been proposed in the literature. These include the Modified USLE, the Revised 
USLE (Renard and Ferreira, 1993; Renard et al., 1994), the USLE-M (Kinnell and 
Risse, 1998) and SOILOSS (Rosewell, 1995; Rosewell and Lang, 1996). These 
continue to improve components of the model tending to make it more process-based. 
RUSLE maintains the basic form of the USLE although all equations used to arrive at 
the factor values have been modified (Lane et al., 1992). Changes to the form of the LS 
factor in RUSLE enables the prediction of soil loss due to Hortonian overland flow in 
three dimensional terrain with convergent and divergent slopes. USLE-M, for example, 
provides a more complex representation of processes than the USLE as it more directly 
considers the effect of runoff on erosion with changes to the R factor (Kinnell and 
Risse, 1998). The following discussion identifies some of the specific modifications to 
the various factors that have been presented in the literature since the development of 
the original equation. 
Rainfall Erosivity (R) 
The R factor is a measure of the erosivity of the rainfall. In the original equation, R was 
treated as the product of the kinetic energy of the storm, E, and the maximum 30-minute 
rainfall intensity, I3o· The sum of the storm EI values for a given period is a numerical 
measure of the erosive potential of the rain within the period in question. The EI30 
index, as described in Wischmeier and Smith (1978), generally equals R for the soil loss 
equation, although fails to account for the erosive forces of runoff. 
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Modifications of the USLE have led to the development of event based runoff erosivity 
factor (Williams, 1975). This accounts for the erosive forces of runoff unlike the El30 
index. In this case R can be described as: 
R = 11.B(Qe.Qp)0.56 (1) 
where Qe is the event runoff volume (m3) and Qp is the peak runoff rate (ms-1). The 
original R factor has limited use outside areas of similar climates to that for which it 
was developed leading to the development of alternative R relationships. For example, 
El Swaify et al. ( 1987) empirically determined R in terms of annual precipitation (p) 
according to the equation; 
R(IE3o in tons/ha/year) = 38.5 + 0.35(p(mm;J (2) 
Soil Erodibility (K) 
Soil Erodibility is a measure of the soils susceptibility to soil erosion (Wischmeier and 
Smith, 1978). For soils less than 70% silt and very fine sand K can be determined from 
the Wischmeier and Smith (1978) equation: 
JOOK = 2.JM1·14(10-4)(12-a) + 3.25(b-2) + 2.5 (c-3) (3) 
where M is the particle size parameter, a is percentage organic matter, b is the soil 
structure code used in soil classification, and c is the profile-permeability class. The 
erodibility nomograph was developed from this equation (Wischmeier and Smith, 
1978). This equation was developed from medium textured soils in the mid-west 
United States. Thus the K factor determined has limitations for other soils types (Bruce, 
1984). 
Topographic Factor (LS) 
The topographic factor relates soil loss to slope gradient and slope length and can be 
defined as the ratio of soil loss per unit area from a field slope to that from a 22.13 m 
length of uniform 9% slope under otherwise identical conditions. A number of LS 
relationships have been developed. The original equation developed by Wischmeier 
and Smith (1978) is defined as; 
LS= ((length(m)/ 5122.13)(0.065 + 0.0456(sloper%>)) + 0.0065(sloper%>J2 (5) 
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This equation has been identified as over-predicting erosion on slopes steeper than those 
for which it was developed (3-18% ). This has led to the development of alternative 
equations reflecting steeper slopes in, for example, tropical highlands. Hellden ( 1987) 
developed an equation to estimate LS at slopes greater than the Wischmeier and Smith 
( 1978) equation can handle, where; 
LS= (0.799 + O.OJOJ(length(mJ))(0.344 + 0.798(slope(%J)) (6) 
Funnpheng et al. (1991) proposed use of the Wischmeier and Smith (1978) equation for 
slopes less than or equal to 8% and the Hellden (1987) equation for slopes greater than 
8%. Other equations have been developed. Liengsakul et al. (1993) applied different 
equations. For slopes less than 8%, the Wischmeier and Smith (1978) equation was 
acquired. Between 8% and 22%, the equation used was that of McCool et al. (1998) 
[cited in Harper 1988] where; 
LS= [(length(mJ)/22.1)°"5] X [(0.17(slope(%J)- 0.55) 
For slopes greater 22% this equation gives values too high and thus a sine/ cosine 
function proposed by Meijerink (1989) was applied, where; 
LS= [(length(mJ)/22.1) x6.4 Xsin(sloper°J) xcos(sloper 0J) 
Cover and Management Factor ( C) 
(7) 
(8) 
The C factor is the ratio of soil loss from land cropped under specific conditions to the 
corresponding loss from bare land. The USLE, as proposed by Wischmeier and Smith, 
considers crop canopy, residue mulch, tillage, incorporated residues, and land use 
residuals. Derivation of appropriate C values for a given locality requires knowledge of 
how erosive rainfall in that locality is likely to be distributed throughout the year. Soil 
Loss Ratios for cover management practices not previously evaluated can be estimated 
by comparing characteristics of the practice with those of practices having known soil 
loss ratios. Three types of characteristics are used: (1) canopy, (2) ground cover in 
contact with the soil, and (3) within soil effects. (1) and (2) can be applied directly 
although (3) may need to be adjusted for tropical soils. 
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Support Practice Factor (P) 
The P factor is the ratio of soil loss a specific support practice to the corresponding loss 
with cultivation up-and-down slope (i.e no conservation practices: P = 1). Support 
practices included in the Wischmeier and Smith (1978) P factor are contouring, contour 
strip cropping and terracing. 
In summary, USLE is an empirical approach that, although site specific to a certain 
extent, has undergone extensive modification in an attempt to provide an approach to 
preliminary erosion models. USLE has its flaws, which have been widely discussed, 
however the approach offers an easily applied means of identifying potential erosion 
hazards. 
Applicability of USLE in the Humid Tropics 
Until recently, relatively little of the research into erosion processes and the 
development of methods for the prediction of erosion had been undertaken in humid 
regions. For example, many erosion models (e.g WEPP, USLE, EUROSEM) have been 
developed in countries like the United States and Europe where the resources exist for 
detailed studies and the development of these models. Models developed in places like 
these have frequently been applied out of the areas for which they were developed. A 
prime example of this is the application of the Universal Soil Loss Equation outside of 
the United States. The model has been used widely outside of the US, including in 
humid regions. One of the major limitations of the USLE is that the model implies that 
overland flow is not an agent of erosion, instead only transporting eroded sediment. 
However, in humid regions, particularly in mountainous zones, runoff has been 
identified as a major source of erosion (Yu and Rose, 1999). Despite this, USLE has 
been frequently used in such areas and is continuing to be. 
Roose (1975) applied USLE to the humid tropics of West Africa. The author concluded 
that although the equation enables factors determining erosion in some territories of 
West Africa to be defined, it is not universal as it is not adapted to regions where gully 
erosion is dominant, such as mountainous zones. This highlights the importance of 
using models to predict erosion types for which it was designed. 
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A number of other limitation to the application of USLE in the humid tropics have been 
identified. Rainfall erosivity, R, in the original USLE is taken to be El30, the product of 
the kinetic energy of the rainfall, E, and the maximum 30 minute intensity (130), which 
could be appropriate for many temperate regions. Turner et al. ( 1984) noted that the 
Efao index may not be so appropriate for tropical regions which have a large number of 
thunderstorms and/ or cyclones. The topographic (LS) equation described by 
Wischmeier and Smith (1978) has been noted by a number of authors, (e.g. Liengsakul 
et al., 1993; NRC, 1997), to be of limited use in steep slopes as it overestimates soil loss 
when extrapolated beyond slopes for which it was developed. The LS factor from 
USLE was developed on slopes ranging from 3 to 18%, and these slopes are often 
exceeded in the tropics. Additionally, application of the erodibility nomograph, 
developed to estimate K given organic matter, particle size, soil classification and the 
profile-permeability class, to tropical soils is questionable since most data from which 
the nomograph was developed from medium textured soils from the mid-west United 
States (Bruce, 1984 ). 
Given these limitations, the application of the USLE in its unmodified form to soils and 
catchments of the humid tropics is inappropriate. This is because the empirical 
relationships used to determine the factors in the USLE equation are specific to the area 
where they are developed - that is, the mid-west of the United States. Consequently, 
although the basic USLE form has remained the same, the equations used to derive the 
factors have been, in many studies, adapted to conditions in the humid tropics, and more 
specifically to the area in which the equation was applied (e.g. Liengsakul et al., 1993; 
NRC, 1997). Such modifications for the tropics have included modifying the LS factor 
for steep slopes from the original Wischmeier and Smith (1978) equation as proposed 
by Hellden (1987 - Equation 6) and modifications of the R factor (e.g. El Swaify et al., 
1987 - Equation 3). These modifications should improve the predictions of the model 
and thus increase the usefulness of USLE in humid regions for which it was not 
originally developed. The ease of applicability of USLE has been the driving force 
behind the efforts to adapt it to local conditions. Once modified to suit the site 
characteristics, USLE holds a distinct advantage over more complex models that have 
large parameter requirements 
Appendices 
Appendix 6. LISLE Data and Parameters 
Crop Management Factors (provided by DLD Thailand; 
November 1999) 
Crop/ L<lnd Use Cfactor P factor 
Integrated Farm 0.225 1.000 
Rice 
Paddy field 0.280 0.100 
Transplanted 0.280 0.100 
Broadcasted 0.280 0.100 
Abandoned 0.100 0.100 
Rain fed 0.280 0.100 
Field Crops 
Field crop 0.340 1.000 
Abandoned 0.500 1.000 
Mixed 0.350 1.000 
Corn 0.502 1.000 
Sugarcane 0.400 1.000 
Cassava 0.600 1.000 
Pineappple 0.380 1.000 
Tobacco 0.700 1.000 
Cotton 0.500 1.000 
Mungbean 0.390 1.000 
Soybean 0.421 1.000 
Peanut 0.406 1.000 
Kenaf, Jute 0.600 1.000 
Black bean, Red bean 0.386 1.000 
Sorghum 0.650 1.000 
Castor bean 0.790 1.000 
Sesame 0.386 1.000 
Upland Rice 0.700 1.000 
Potato 0.600 1.000 
Sweet potato 0.600 1.000 
Yam bean 0.600 1.000 
Watermelon 0.600 1.000 
Millet 0.650 1.000 
Ginger 0.600 1.000 
Cabbage 0.600 1.000 
Tomato 0.600 1.000 
Aloe Vera 0.380 1.000 
Paper Mulberry 0.600 1.000 
Sunflower 0.700 1.000 
Chilli 0.600 1.000 
Barley 0.280 1.000 
Rye 0.280 1.000 
Opium 0.386 1.000 
Marijuana 0.600 1.000 
Roselle 0.600 1.000 
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Appendix 6 - (continued) 
Cfactor P factor 
0.600 1.000 
Fiber crop 0.600 1.000 
Bean 0.386 1.000 
Other field crops 0.340 1.000 
---
Perennial crops 
Perennial 150 1.000 
Mixed perennial 0.150 1.000 
Pana rubber 0.150 1.000 
Oil palm 0.300 1.000 
Eucalyptus 0.150 1.000 
Teak 0.088 1.000 
Magosa 0.088 1.000 
Casuarina 0.150 1.000 
Acacia 0.088 1.000 
Pterocarpus sp. 0.088 1.000 
Gmelwa sp. 0.088 1.000 
Other Perennial 0.150 1.000 
Coffee 0.300 1.000 
Tea 0.150 1.000 
Mulberry 0.600 1.000 
Bamboo 0.150 1.000 
Kapok 0.300 1.000 
Betel palm 0.400 1.000 
Raintui 0.088 1.000 
Ceilira sp. 0.300 1.000 
Croton sp. 0.600 1.000 
Mixed perennial 0.150 1.000 
Horticulture 
Orange 0.300 1.000 
Durian 0.150 1.000 
Rambutan 0.150 1.000 
Coconut 0.400 1.000 
Litchi 0.150 1.000 
Mango 0.150 1.000 
Cashew 0.400 1.000 
Jujube 0.300 1.000 
Custard apple 0.300 1.000 
Banana 0.150 1.000 
Tamarind 0.150 1.000 
Longan 0.150 1.000 
Guava 0.300 1.000 
Papaya 0.600 1.000 
Mixed 0.150 1.000 
Jack fruit 0.150 1.000 
Santo I 0.150 1.000 
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Appendix 6 -- (continued) 
150 1.000 
150 1.000 
0.020 1.000 
Lime 0.300 1.000 
Sub-tropical fruit 0.300 1.000 
Horticulture 0.600 1.000 
Mixed horticulture 0.600 1.000 
Truck crop 0.600 1.000 
Floriculture 0.386 1.000 
Vine 0.600 1.000 
Pepper 0.600 1.000 
Strawberry 0.270 1.000 
Passionfruit 0.600 1.000 
Raspberry 0.270 1.000 
Swidden cultivation 
Swidden cultivation 0.250 1.000 
bush fallow 0.020 1.000 
Upland rice 0.250 1.000 
Corn 0.250 1.000 
Bean 0.250 1.000 
Sesame 0.250 1.000 
Potato 0.250 1.000 
truck crop 0.250 1.000 
Opium 0.250 1.000 
Pasture/farmhouse 
Pasture and farmhouse 0.100 1.000 
Pasture 0.100 1.000 
Farm house 0.000 1.000 
Water/ aquatic vegetation 
Water 0.000 0.000 
Aquatic vegetation/ reeds/ mangrove 0.000 0.000 
Aquacultural land 0.000 0.000 
Forest 
Forest 0.020 1.000 
Disturbed forest 0.040 1.000 
Moist evergreen 0.001 1.000 
Dry evergreen forest 0.019 1.000 
Hill evergreen forest 0.003 1.000 
Tropical pine 0.019 1.000 
Bamboo 0.015 1.000 
Beech Forest 0.000 1.000 
Moist Evergreen (disturbed) 0.040 1.000 
Deciduous 0.001 1.000 
Mixed Deciduous 0.001 1.000 
Dipterocarps 0.020 1.000 
Forest plantation 0.088 1.000 
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Appendix 6 - (continued) 
Crop/ Land Use Cfactor P factor 
Forest ... (continued) 
Mixed forest 0.088 1.000 
Urban 
Urban city 0.000 1.000 
Garbage dump 0.000 1.000 
Recreation area 0.000 1.000 
Golf course 0.015 1.000 
Native vegetation (excl.forest) 
Rangeland 0.015 1.000 
Pasture 0.015 1.000 
Grass/ scrub 0.048 1.000 
Bamboo 0.020 1.000 
Mine land 
Mine, mine (pit) 0.800 1.000 
Sand/ soil/ laterite pit 0.800 1.000 
Salt flat 0.800 0.100 
Beach 0.800 1.000 
Rock outcrop 0.800 1.000 
Soil Erodibility (K) Factors [provided by LDD Thailand May, 
2000]. 
Soil Texture/description Kfactor 
Land Unit 
6 Shallow loam and gravel soils 0.25 
8 Shallow loam and gravel soils with 2-10% rock outcrops 0.25 
10 Shallow loam and gravel soils with 2-10% rock outcrops 0.25 
12 Shallow loam and gravel soils with 2-10% rock outcrops 0.25 
23 Deep loam soils 0.27 
25 Deep loam soils 0.27 
27 Deep loam soils 0.27 
31 Shallow clay soils 0.22 
35 Shallow clay and gravel soils with 2-10% rock outcrops 0.22 
37 Shallow clay and gravel soils with 2-10% rock outcrops 0.22 
45 Deep clayey soils 0.24 
46 Deep clayey and gravel soils 0.22 
47 Deep clayey soils 0.24 
48 Deep clayey and gravel soils 0.22 
49 Deep clayey soils 0.24 
50 Deep clayey and gravel soils 0.22 
55 Medium deep clayey and gravel soils 0.22 
88 Deep clayey irrigated paddy soils 0.17 
99 Deep clayey paddy soils 0.17 
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Appendix 6 - (continued) 
Land Management (P) Factors provided by LOO Thailand in 
November 2000. 
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P factors were provided by the Land Development Department (LDD) for four 
management practices commonly employed within agricultural fields of northern 
Thailand; contour cultivation, strip cropping around contours, 'arable land' terraces, and 
bench terraces. The P factors under these land management practices vary depending on 
the slope of the plot. 
lower slope % bound upper slope % bound 
0 
2 
7 
12 
18 
24 
CC - contour cultivation 
ST - strip cropping around contours 
AL- 'Arable' land terrace 
BT - Bench terracing 
2 
7 
12 
18 
24 
100 
None 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
P Factors 
cc ST AL BT 
0.6 0.3 0.4 0.12 
0.5 0.25 0.5 0.1 
0.6 0.3 0.6 0.12 
0.8 0.4 0.8 0.16 
0.9 0.45 0.9 0.18 
1 0.5 1 0.19 
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Appendix 
response u 
chart for predicting hydrologic 
forest cover changes 
subroutine read 
Reads in calibrated 
THACRES parameters 
and catchment area 
(simsim) 
l 
subroutine croplink 
Reads in reference and scenario land unit areas 
and forested area of land units (lu_ref.dat, 
lu_sim.dat) 
Calls catchcrop subroutine 
Calculate catchment estimate of P and RO 
based upon estimates for individual land units 
weighted according to the area and forested 
area of each land unit 
X"' =(~ r.111 +(a;;~ _ ) " )xc.m 1" m !ti L..J a,u 
lu=l 
subroutine catchcrop 
____. Generate estimates of 
percolation (P) and 
surface runoff (RO) for 
each land unit within the 
catchment under forested 
..____ and fallow conditions. 
l' DDu, ROu: estimates for land cover scenario DDg, ROg: estimates for existing land cover 
subroutine scale_params 
Scales cg, V, and Vq parameters 
calibrated from the IHACRES model 
to obtain parameters Cu, Vs, and Vq for 
IHACRES simulation 
v., = V,(DD,/ DDg) 
Vq = Vq(RO,/ROg) 
ROu+DDu 
Cu =Cgx-----
RQg+DDg 
subroutine sim 
Simulation of streamflow using modified c, v, and 
vq parameters and climate files. 
L Streamflow under land 
-----1~.,. cover scenario 
Climate file for 
catchment 
(climate.dat) 
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